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Ferroelectric thin films have been extensively studied for their wide applications in 
pyroelectric detectors and tunable devices. In the present work, pulsed laser deposition 
(PLD) technique has been employed to deposit ferroelectric Ba(Ti0.85Sn0.15)O3 (BTS) thin 
films and heterostructures. BTS thin films have been successfully deposited on LaNiO3 
(LNO)/SiO2/Si substrates by PLD. The role of oxygen pressure and the effect of 
thickness on the microstructure, electrical and pyroelectric properties of BTS thin films 
have been systematically studied. BTS thin films deposited at higher oxygen pressures 
are found to possess better electrical properties. The study on the thickness dependence of 
dielectric and pyroelectric properties shows that both LNO and BTS thin films are under 
tensile stress and they decrease with increasing thickness of the BTS films. Larger 
dielectric constant and higher pyroelectric coefficient are obtained for BTS thin films 
with higher thickness, and the effect of stress is considered to be the dominant factor. The 
substrate temperature is also found to play an important role in structural evolution of 
BTS thin films. In addition, Pt and LNO are used as bottom electrodes to investigate their 
influences on conduction mechanisms. For the Pt/BTS/LNO structure, the leakage current 
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shows bulk-limited space-charge-limited-current (SCLC) behavior at positive bias while 
interface-limited Fowler-Nordheim (FN) tunneling at negative bias. For the Pt/BTS/Pt 
structure, the dominant conduction mechanism is mainly controlled by the bulk-limited 
SCLC and/or Poole-Frenkel (PF) emission. 
We have studied Bi1.5Zn1.0Nb1.5O7 (BZN) -buffered BTS heterostructures deposited 
on Si-based substrates. The BZN layer has been proven to be a high-quality growth 
template and effective diffusion barrier to reduce the dielectric loss and leakage current 
of the BTS films. Improved tunable and pyroelectric properties of BTS films have been 
achieved by controlling the thickness of the BZN layer. The leakage mechanism of the 
Pt/BTS/BZN/LNO heterostructure has been studied at the temperature range from 303 to 
403 K. At positive bias and high electric fields, the conduction mechanism is controlled 
by SCLC; while at negative bias and high electric fields, FN tunneling is the dominant 
conduction mechanism. At low electric fields, the leakage is controlled by the Ohmic 
contact irrespective of the sign of the bias field. 
La has been selected as a dopant to tailor BTS thin films through the effect of 
compositional modification. 1 mol % La-doped BTS (BLaTS) thin films have been 
successfully deposited on LNO/SiO2/Si substrates by PLD. It is found that BLaTS films 
show highly (h00) textured orientation. Higher crystallization quality is obtained at 
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higher deposition temperature. Sharp interface between as-deposited BLaTS thin films 
and the bottom LNO layers are confirmed. In addition, BLaTS thin films demonstrate 
lower loss tangent than that of pure BTS. This is attributed to the reduction in defects. La 
dopant intensifies the relaxor behavior of BTS thin films as reflected by the more 
diffused phase transition between the ferroelectric and paraelectric states.  
The present study is expected to help better understand the potential of BTS thin 
films. The efforts toward improving the tunable and pyroelectric properties of BTS thin 
films have demonstrated the appealing prospective applications of BTS thin films in the 
relevant fields.  
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1.1 Overview & Motivations 
 
Ferroelectricity (FE) was first discovered in Rochelle salt by Valaskek in 1921 [1]. 
Since then, numerous attentions have been focused on ferroelectric materials due to their 
rich functionality and wide applications. Bulk ferroelectric materials normally possess at 
least one of the following features: high dielectric constant, super remnant polarization, 
outstanding piezoelectric electromechanical coupling factor, superb piezoelectric 
coefficient, excellent pyroelectric coefficient and high dielectric nonlinearity. These 
merits may be exploited in a wide range of applications such as capacitors, actuators, 
optical devices, non-volatile ferroelectric memory (FeRAM), microwave tunable devices 
and thermal infrared sensors [2-5]. 
With the demand of markets and advances in material fabrication technologies, 
ferroelectric materials tend to be served in thin film form to decrease power consumption, 
reduce device size and, more importantly, enable to integrate them with the current 
mainstream silicon-microelectronics. However, the key functional properties of 
ferroelectric thin films are almost universally degraded compared to their bulk 
counterparts. Typically, the magnitude of the dielectric constant collapses [6, 7], the 
coercive field increases [8], the remnant polarization reduces [9], and the anomaly in the 
  Chapter I  Introduction 
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dielectric constant around the Curie temperature is progressively suppressed [7, 10]. In 
addition, the Curie temperature may shift, phase transitions become broadened and phase 
transition order changes in nature [7, 10, 11]. 
The mechanisms behind the „size effect‟ in ferroelectric thin films have been 
extensively explored in both experiments and theoretical simulations. However, the exact 
reasons have remained unclear as many factors might affect the properties of ferroelectric 
thin films. For instance, interfacial dielectric „dead layers‟ may exist at ferroelectric-
electrode interfaces [12-14]; physical clamping of films caused by the substrates on 
which the strain/stress is developed by the lattice mismatch and thermal expansion 
coefficient difference may have occurred [15-18]; surface charge compensation and local 
environment may also be extremely important [19, 20]. Furthermore, fine-scale 
microstructures and increased levels of defects often associated with thin films are 
thought to have significant effects [21-23].  
Studies on ferroelectric thin films are therefore complicated. The performance of a 
specific ferroelectric thin film is strongly related to its microstructures, configurations 
with different substrates, and kinds of defects. Suitable material based on its bulk 
behaviors should be carefully selected with  special attention to the thin film growth 
  Chapter I  Introduction 
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engineering such as effects of thin film growth environment [24, 25], thickness control 
[26, 27], and substrate selection [28, 29].  
From the device fabrication point of view, ferroelectric thin films with large 
tunability (or pyroelectric coefficient) and low dielectric losses are highly desirable when 
they are utilized in microwave tunable devices and pyroelectric detectors. However, the 
high dielectric loss of barium- based compounds is always regarded as one big obstacle 
which degrades device performance and impedes their commercial exploitation. In 
microwave tunable devices, the dielectric loss serves to dissipate or absorb the incident 
microwave energy and therefore should be kept as low as possible. Furthermore, a low 
dielectric loss decreases the phase shifter insertion loss and hence increases the phase 
shifting per decibel of loss (figure of merit). The ideal value of the loss tangent is 
required to be in the range of 0.01 or less [30]. Accordingly, the importance of low 
dielectric loss of ferroelectric thin films in pyroelectric thermal detectors is due to the 
pyroelectric pixel element being a non-ideal capacitor, and the Johnson noise caused by 
the dielectric loss seriously affecting the performance of the devices [31].  Precise control 
of composition and microstructure is critical for the production of high quality 
ferroelectric thin films with large tunability (or pyroelectric coefficient) and low 
  Chapter I  Introduction 
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dielectric loss tangent that are required for the successful integration of specific thin films 
into these devices.  
Being one of the important prototypes of perovskite ferroelectrics, BaTiO3 and its A-
site doped (Ba1-xSrx)TiO3
 
(BST) thin films have been regarded as suitable candidates for 
applications in microwave tunable devices  and pyroelectric thermal detectors, and have 
been  extensively reported in literatures [4, 32]. Recently, much attention has also been 
focused on investigating the tunable and pyroelectric properties of the B-site doped 
BaTiO3, i.e., Ba(Ti1-xSnx)O3 (BTS) thin films. The effects of stress and microstructure on 
the tunable properties of BTS thin films have been studied, where the films were 
prepared by a sol-gel technique [33-35]. Noda et al. investigated the pyroelectric 
performance of BTS thin films through a metal-organic decomposition (MOD) process 
[36, 37]. However, a systemic investigation on the evolution of the structure of BTS thin 
films with growth environment and the relationship between microstructure and electrical, 
dielectric and pyroelectric properties is still lacking. In addition, consideration of 
performance improvements of BTS thin films through compositional and structural 
modifications is still not available so far. Therefore, it is essential to conduct a systematic 
investigation on the fabrication and characterization of BTS thin films with emphasis on 
property improvements. 
  Chapter I  Introduction 
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1.2 Scope and Organization of Thesis 
 
As discussed above, BTS thin films have been extensively investigated but there are 
still a number of questions that remain unanswered. Therefore, the aim of this research is 
to systematically investigate the evolution of the structure of BTS thin films with the 
growth environment and the relationship between microstructure and electrical, dielectric 
and pyroelectric properties using a pulsed laser deposition (PLD) method. The possible 
mechanisms affecting the microstructure and thin film performance are discussed. To 
reduce the dielectric loss and enhance the tunable and pyroelectric properties of BTS thin 
films, optimized heterostructures are designed and selected dopant is chosen in terms of 
structural and compositional modifications, respectively. In addition, the issue of leakage 
is addressed in detail with respect to different substrates and temperature ranges to 
understand the associated mechanisms. 
The present thesis is organized as follows: 
Chapter I introduces the background and motivations of this work. 
Chapter II provides a review of the structure and applications of perovskite 
ferroelectrics, especially those of barium stannate titanate (BTS) materials. More 
importantly, the requirements of ferroelectric materials used for microwave tunable and 
  Chapter I  Introduction 
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pyroelectric devices are discussed in details. A brief introduction of the thin film 
deposition technique –PLD will be given in the final part of the chapter. 
Chapter III contains the investigation on growth optimization of pure BTS thin films. 
The effects of oxygen pressure, film thickness and substrate temperature on the structure, 
dielectric and pyroelectric properties of pure BTS thin films are discussed in detail.  The 
study on oxygen and thickness effect has been published in the Journal of Applied 
Physics (volume 105, page 084102). 
Chapter IV systematically investigates the substrate and temperature effects on the 
leakage characteristics of BTS thin films. The dominated conduction mechanisms are 
clarified and the reasons for the conduction are provided. This work has been published 
in the Journal of Physics D (volume 43, page 305401). 
Chapter V presents the special design of a BTS/BZN heterostructure to improve the 
tunable and pyroelectric properties of BTS thin films. The performance of the 
heterostructure is discussed in terms of the thickness effect of the BZN layer. The 
dominant leakage mechanisms of the optimized heterostructure are thoroughly 
investigated. This part of the study has been published in Applied Physics Letters 
(volume 96, page 082901) and Journal of Applied Physics (volume 107, page 104104). 
  Chapter I  Introduction 
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Chapter VI focuses on the compositional modification of BTS thin films through 
doping effect. La is selected as the dopant. The structural, dielectric and pyroelectric 
properties of La doped-BTS thin films are compared with those of the un-doped material. 
This part of the study has been published in Physica Scripta (volume T139, page 014004). 
Chapter VII concludes the main findings presented in this thesis. The thesis ends 
with some suggestions on future research work. 
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2.1 Introduction to Ferroelectrics 
2.1.1 Ferroelectricity and Perovskite Ferroelectrics 
 
It is well known that the lattice structure of a crystal determines its structural 
symmetry and physical properties. Of all the thirty-two point groups‟ crystals in nature, 
eleven of them are centrosymmetric with symmetry centers and thus they do not possess 
any polarity. The remaining twenty-one point groups are non-centrosymmetric having 
one or more crystallographically unique polar axes. With one exception (i.e., the 432 
point group which lacks any centrosymmetry, but has other symmetry elements that 
destroy polarity), the twenty non-centrosymmetric point groups exhibit piezoelectric 
effect where electric charges can be generated under external stress.  
Out of the twenty piezoelectric point groups, ten have only one unique polar axis. 
Crystals in these groups are called polar crystals since they are spontaneously polarized 
in the absence of an external electric field and/or stress. The value of the spontaneous 
polarization Ps is temperature dependent. As temperature changes, a change in the charge 
density can be observed on those crystal surfaces perpendicular to the unique polar axis. 
This is the so called pyroelectric effect. Ferroelectrics are a sub-group of the pyroelectric 
family, but they only constitute the part that the direction of the spontaneous polarization 
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can be reversed by an external electric field. The classification of crystal materials 
according to the thirty-two point groups is shown in Fig. 2.1. A more detailed analysis of 
symmetry and its relation to the ferroelectric phase transition can be found in Ref. [38]. 
 
Figure 2.1 Classification of crystal materials corresponding to the thirty-two point groups. 
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Among all the ferroelectric materials, the most extensively studied are ferroelectrics 
with the perovskite structure. A perovskite structure has a general formula of ABO3, 
where A represents a divalent or monovalent cation with a large radius and B is typically 
a tetravalent or pentavalent cation with a small radius, and O is the oxygen anion. The 
idealized perovskite structure can be regarded as face-centered cubic close packed 
arrangements of A (at corners) and O ions (at face centers) with B ions filling the 
octahedral interstitial positions (Fig. 2.2(a)), expanding the network of BO6 octahedra in 
three dimensions, as shown in Fig. 2.2 (b).  
 
Figure 2.2 (a) A cubic ABO3 perovskite-type unit cell and (b) three-dimensional net 
work of BO6 octahedra [3]. 
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2.1.2 Characteristics of Perovskite Ferroelectric Materials 
 
One important feature of perovskite ferroelectric materials is that they possess a 
metal-oxygen octahedron (BO6) in the unit cell which is believed to be the origin of 
ferroelectricity in these materials.  In the high temperature cubic phase, the structure is 
centrosymmetric and non-spontaneous polarization appears and hence the system is 





) ions displace with respect to each other, leading to a structure deformation 
and losing its structure symmetry. Spontaneous polarization appears in the lower 
symmetry ferroelectric phase. Moreover, the magnitude and direction of the polarization 
can be changed and reoriented by applying an electric field in cycles, known as the 
ferroelectric hysteresis loop. The essential features of perovskite ferroelectrics relying on 
temperatures are shown in Fig. 2.3.   
The temperature of transition from a ferroelectric (polar) to a paraelectric (non-polar) 
state is often referred to as the Curie temperature, Tc (Fig. 2.3). Near Tc, anomalous 
changes in electric, mechanical, and optical properties of the materials happen. The most 
noticeable phenomenon is the abrupt change in dielectric permittivity or dielectric 
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constant, ε. For most ferroelectrics, the behavior of the dielectric constant above To can 




T T T T
   
 
                                                      (2-1) 
where C is the Curie-Weiss constant, To is the Cuire-Weiss temperature, 
12 1
0 8.85 10 Fm
   is the dielectric permittivity of free space and 0 r   , with r  
being the relative dielectric permittivity or dielectric constant of the material.  
 
Figure 2.3 Essential features of ferroelectricity. The hallmark of ferroelectric is a 
reduction in crystal symmetry as the crystal undergoes the phase transformation (adapted 
from Ref. [39] ). 
 
The Curie-Weiss temperature To does not always coincide with the Curie 
temperature Tc, depending on the order of the phase transition [40]. First-order phase 
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transition is characterized by an abrupt drop in the polarization to zero at the transition 
temperature (Fig. 2.4). This type of transition involves a latent heat in which the 
ferroelectric phase and paraelectric phase co-exist in equilibrium at the transition 
temperature [40]. The prototype perovskite materials, i.e., BaTiO3 and PbTiO3 fall into 
this category. In this case, Tc is usually higher than To (Tc > To) as shown in Fig. 2.4.  It is 
noted that the ferroelectric behaviors of ferroelectrics with first-order (or second-order) 
phase transition can be theoretically explained by the Landu-Ginzburg-Devonshire 
phenomenological theory in which the Gibbs energy G of the ferroelectrics is function of 
the displacement D [38]. 
 
Figure 2.4 First-order phase transition from ferroelectric to paraelectric state (adapted 
from Ref. [41]). 
 
The second-order phase transition as shown in Fig. 2.5 is characterized by a smooth 
decay in the polarization to zero where Curie-Weiss temperature is equal to Curie 
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temperature (To= Tc). In such case, the transition occurs with no latent heat and the 
transition from a ferroelectric to paraelectric state is instantaneous.  
 
Figure 2.5 Second-order phase transition from ferroelectric to paraelectric state (adapted 
from Ref. [41]). 
 
Another type of perovskite ferroelectric materials such as Pb(Mg1/3Nb2/3)O3 and 
Pb(Sc1/2Ta1/2)O3 displays a broad dielectric constant peak at around the Curie point. 
These materials are generally referred to as relaxor ferroelectrics [3]. The origin of 
relaxor behavior is commonly regarded as being derived from compositional disorder, 
i.e., disorder in the arrangement of different ions in the crystallographically equivalent 
sites [42]. Accordingly, when the temperature is higher than Tm (the temperature at 
which the dielectric constant is a maximum, i.e., m ), ( )T  does not obey the Curie-
Weiss law.  In fact, ( )T changes with T in the following fashion [3]: 
1/ 1/ ( )nm mC T T                                                     (2-2) 
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where 1 2n   and C is a constant. 
 
2.2 Ferroelectric Ba(Ti1-xSnx)O3 Materials 
2.2.1 Structure and Phase Diagram of Ba(Ti1-xSnx)O3 
 
Bulk barium stannate titanate (Ba(Ti1-xSnx)O3, or abbr. BTS) is the solid solution of 
perovskite BaTiO3 and BaSnO3. Ba(Ti1-xSnx)O3 can also be considered as  partial 
substitution of Ti by Sn at the B-site due to the same structure of BaTiO3 and BaSnO3 
and the similar radii of Ti
4+
 (0.068 nm) and Sn
4+
 (0.071 nm).   
A partial phase diagram of Ba(Ti1-xSnx)O3 ( 0 0.2x  ) is shown in Fig. 2.6. BTS 
has a wide range of Curie temperature. It decreases from ~130
o
C to ~ -20
o
C as the Sn 
content increases from 0 to 20%.  When Sn content is less than 10%, BTS possesses three 
ferroelectric structures (tetragonal, orthorhombic and rhombohedral) below the Curie 
temperature while it maintains the first-order transition nature as BaTiO3. There is one 
rhombohedral structure in ferroelectric phase and it changes from first-order to second-
order transition when Sn content is between 10% and 20%. Diffuse phase transition has 
been observed in this region but in general, BTS can be regarded as relaxor ferroelectrics 
when Sn content is higher than 20% [43].  




Figure 2.6 Phase diagram of Ba(Ti1-xSnx)O3 solid solution [43]. 
 
2.2.2 Applications of Ba(Ti1-xSnx)O3  
 
Barium stannate titanate, Ba(Ti1-xSnx)O3, has remarkable ferroelectric and 
pyroelectric properties such as high dielectric constant, excellent pyroelectric coefficient 
and large dielectric nonlinearity. These benefits have brought a wide range of 
applications in capacitors, tunable devices and pyroelectric detectors. In addition, the 
Curie temperature of BTS can be tuned by the composition of the Sn element making 
BTS with specific composition a strongly completive candidate for different applications. 
Perhaps most importantly, due to the Curie temperature of Ba(Ti0.85Sn0.15)O3 (BTS15, 
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also abbr. BTS hereafter) being close to room temperature and sharp transition happening 
near this range (Fig. 2.7), BTS has been the focus of intensive research recently as a thin 
film material in tunable devices and pyroelectric thermal detectors [33, 35, 37, 44, 45].   
 
Figure 2.7 Temperature dependence of dielectric permittivity of BTS bulk ceramics [46]. 
 
The tunable properties of BTS thin films were initially studied by Zhai et al. in 2004 
[33, 47]. In their investigation, BTS thin films were deposited on LaNiO3-coated silicon 
substrates via a sol-gel method.  It was found that the microstructures, electric and 
tunable properties of as-deposited thin films were strongly related to the concentration of 
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the precursor solution and annealing temperature. At an applied electric field of 200 
kV/cm, a tunability of around 54% has been obtained in the resultant films. However, the 
dielectric loss of these films showed strong frequency dispersion and its values were 
quite high (0.02-0.05) in the high frequency range. This is definitely detrimental to their 
performance in tunable applications.  Song et al. later conducted relatively 
comprehensive research on the tunable properties of BTS thin films with the same 
technique [34, 35, 48, 49]. According to their studies, the tunable properties of BTS thin 
films could be determined by several parameters such as thin film orientation, film 
thickness and substrate effect [35, 48, 49]. It should be pointed out that the study by Song 
et al. shed some light on exploring the tunable properties of BTS thin films through the 
use of the sol-gel technique, which may be helpful to understand the relationship between 
film growth conditions and the resultant tunable properties. 
Compared to the investigations on the tunable properties of BTS thin films, few 
studies were conducted on the pyroelectric performance of BTS thin films. It has been 
reported that bulk BTS ceramics showed a sharp phase transition near room temperature, 
which is very suitable for the application in pyroelectric detectors in the dielectric 
bolometer mode. Considering the above features in BTS ceramics, Noda et al. deposited 
BTS thin films on Pt/Ti/SiO2/Si substrates using a metal-organic decomposition (MOD) 
  Chapter II  Literature Review 
21 
 
method [45]. An excellent value of pyroelectric coefficient as high as 4 275 10 /C m K
has been obtained [36]. In addition, much higher value of pyroelectric properties has been 
achieved in BTS thin films by Popovici et al. through changing the annealing atmosphere 
during the annealing process [37]. It is noted that although some promising results have 
been reported for BTS thin films, a systematic investigation on the microstructures and 
pyroelectric properties is still lacking. Moreover, in the studies referred to, important 
parameters such as dielectric constant and dielectric loss that may have contributed to the 
figure of merit of the material have not been considered. In addition, the relationship 
between the quality of the thin film and the microstructures as well as other factors that 
could affect the performance of the thin film such as, strain/stress effects, deposition 
methods, optimal conditions have remained as unresolved problems so far. Such 
unknowns have provided motivations for the present research work to be carried out. 
 
2.3 Thin Film Devices 
2.3.1 Pyroelectric Infrared Detectors 
 
Infrared radiation is measured indirectly by means of a temperature change ∆θ of an 
absorbing structure as a result of the absorbed radiation power over a certain time interval 
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∆t. Figure 2.8 shows an example of a packaged pyroelectric thin-film single-element 
detector obtained by bulk micromachining. The basic working principle of pyroelectric 
detectors is based on the pyroelectric effect of pyroelectric materials which releases 
charges at the surface of the materials when their temperature is changed, as illustrated in 
Fig. 2.8. Under a homogeneous change in temperature, the pyroelectric material acts as a 
charge generating capacitor which produces a current in the external circuit proportional 






                                                               (2-3) 





 is the rate of change in element temperature with time. 
 
Figure 2.8 Schematic illustration of a thin-film pyroelectric detector [4]. 
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The analysis of a pyroelectric detector requires consideration of both the thermal and 
electrical circuits. The temperature change is obtained from the balance of the heat flows. 
As the pyroelectric elements only respond to the change in IR radiation, a mechanical 
chopper rotating with a certain frequency ƒ (usually less than 100 Hz) is needed to detect 
static objects. If an IR radiation with power W is applied, the sinusoidally modulated 
radiation power will be ( ) i tW t W e   ( 2 f  ). In general, the absorbed energy W t    
( is the emissivity of the element) in a time interval t falls into two parts. Small 
fraction of it is lost to the surroundings through the heat conductance G while the rest of 
the absorbed energy is then to increase the element temperature through the heat capacity 
H of the element. This yields the following differential equation [50]: 







                                                         (2-4) 
where 0T T    is the temperature increase with respect to the temperature of the heat 
sink ( 0T ). The pyroelectric voltage responsivity (Rv) can be expressed as [50]:  








   

 
                                              (2-5) 
where th  and el  are the thermal and electrical time constant of the detector, respectively. 
GR  is the resistor of the circuit. Eq. (2-5) shows that the responsivity of a pyroelectric 
detector is strongly dependent on its structure and design of the circuit. For 
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characterization of the performance of pyroelectric detectors, a specific detectivity D* is 
normally introduced, which is defined as the ratio of A
1/2
Rv and the noise voltage NV . 






. It should be pointed out that most of the pyroelectric 
detectors are operated in the low frequency region (f = 0.1-100 Hz) where Johnson noise 
( JV : Voltage Johnson noise) frequently dominates. NV  can therefore be replaced by
JV . The specific detectivity D
*
 may then be given in the following form [50]: 
1 2
1 2 1 2 1 2
0
1
(4 ) ( tan )
V
J r




   
  

                                (2-6) 
where tan  is the loss tangent of the pyroelectric material used, c is the volumetric heat 
capacity of the detector element, and k is the Boltzmann constant. Thus, to maximize D
* 








c   


                                                    (2-7) 
From Eq. (2-7), it is clear that a suitable pyroelectric material should possess higher 
pyroelectric coefficient, lower volumetric heat capacity c , dielectric constant r  and 
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2.3.2 Microwave Tunable Devices 
 
Microwave tunable devices are the core apparatuses in modern wireless 
communication systems. Typical tunable devices include filters, matching networks, 
antenna, and phase shifters.  Currently, there are five enabling technologies used in 
microwave tunable devices. They are based on mechanical tuning, ferrite materials, 
microelectromechanical systems (MEMS), semiconductor varactors and ferroelectric 
materials. A comparison of the performances of the five technologies is given in Table 
2.1. 
Through the comparison in Table 2.1, it is clear that tunable devices based on 
ferroelectric materials have a wide spectrum of excellent properties such as variation in 
capacitance (and hence the dielectric permittivity) with applied voltage, low dielectric 
loss, high power handling capability, and more importantly, the possibility of integration 
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Ferrites Semiconductor MEMS 
Ferroelectric 
materials 
Tunability Moderate Good High Very good Good 
Q factor Very good Very good Moderate Very good Very good 
Control 
voltage 
 <20V <20V 50-100V 2-20V 
Tuning 
speed 
Slow Moderate Fast Slow Fast 
Power 
handling 
Good Good Moderate Moderate High 
Package Standard Standard  Hermetic Hermetic Standard 
Cost Low Low Moderate/high High Low 
 
The working principle of ferroelectric thin films as tunable devices is based on the 
large non-linearity of their dielectric constant ( r ) as a function of the applied bias 











                                                  (2-8) 
where (0) and ( )E are the dielectric constant at zero field and at an applied electric field 
of E, respectively.  
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As the dielectric loss in ferroelectrics is not as negligibly small as that of many 
common microwave dielectric ceramics, high dielectric loss usually causes large amount 
of incident microwave energy to be dissipated or absorbed [52]. Thus dielectric loss 
tangent ( tan ) is an important parameter that must be taken into account while 
characterizing ferroelectric materials. In general, there is a trade-off between tunability 
and loss tangent. The optimal balance is defined by a parameter called the figure of merit 




                                          (2-9) 
As can be seen from Eq. (2-9), from material selection perspective, a suitable 
ferroelectric for tunable device applications should possess high tunability and low 
dielectric loss. For this reason, ferroelectric materials used in microwave tunable devices 
are in their paraelectric phase close to the Curie temperature to ensure high dielectric 
permittivity, tunability and low loss tangent [51].  
 
2.4 Pulsed Laser Deposition Method 
 
 Since the first realization of thin films of high Tc superconductor YBa2Cu3O3-x 
(YBCO) using pulsed laser deposition (PLD) in 1987, PLD technique has been widely 
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recognized as a promising, versatile and efficient method employed in the growth of high 
quality thin films and layered structures containing even volatile components with 
complex stoichiometry [53-55]. Furthermore, PLD is also a uniquely adaptable technique 
for preliminary experiments to rapidly explore new material integration strategies that 
can be translated into processing methods more suitable for fabrication of devices [56]. 
Figure 2.9 shows a schematic diagram of a typical PLD system. It usually contains a 
multi-target holder and a substrate holder assembly housed in a vacuum chamber. Thin 
films of the desired materials and compositions are deposited onto the heated substrate by 
the ablation of material from the rotating solid target surfaces using a focused pulse laser 
beam. The commonly used lasers include ArF (193 nm), KrF (248 nm) and XeCl (308 
nm) excimer lasers and Nd:YAG (1.06 μm) laser. It is generally recognized [57] that the 
shorter the wavelength, the more effective the ablation. Accordingly, the excimer lasers 
become the standard ones.  The pulsed laser beam is usually focused by a set of optical 
components to attain an energy density from less than 1 J/cm
2
 up to 50 J/cm
2
. When the 
energy density is above a threshold value, the bulk ceramic target is evaporated, forming 
a plasma plume. The plume is normal to the target surface and collected on a suitably 
positioned and heated substrate.  Depending on the thin film materials to be deposited, 
active gas such as oxygen may be continuously introduced into the chamber at a specific 
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pressure in order to assist the formation of the desired phase and film composition. For 
the deposition of multilayered heterostructures, multiple targets can be loaded inside the 
vacuum chamber on a rotating holder which can be used to sequentially expose different 
targets to the laser beam, thereby enabling the in-situ growth of heterostructures and 
super lattices with relatively clean interfaces [56]. 
PLD has a number of advantages over other thin film deposition techniques. Firstly, 
it is versatile. Materials including oxides, metals, semiconductors and even polymers can 
be grown by PLD. Secondly, it has the ability to maintain target composition in the 
deposited thin films, that is, to transfer the target stoichiometry to the films. In addition, 
the high kinetic energy of the ablated species (typically > 30 eV) and the high particle 
velocities ( 610 /cm s ) [55] usually assist film growth leading to lower substrate 
temperature. Moreover, PLD is a lower cost system than that of other methods such as 
molecular beam epitaxy (MBE) and chemical vapor deposition (CVD) where different 
sources of precursors are required for each element of the desired compound.  The 
disadvantage of PLD may be the non-uniformity of the thin film thickness over a large 
area and thus limited sample size can be prepared by the PLD technique. In addition, 
surfaces of thin films may suffer from droplets or large particulates of the target material 
due to an intrinsic “splashing” associated with laser ablation itself.  




Figure 2.9 Schematic illustration of a PLD system [56]. 
 
The PLD process can be typically divided into four  stages [54, 58]:  (1) Laser 
radiation interaction with the target; (2) Formation of plasma plume and its transportation 
towards the target; (3) Interaction of ablated species with the substrate; (4) Nucleation 
and growth of thin films on the surface of the substrate. Conditions of deposition such as 
density and surface topography of the target, laser spot size and shape, laser fluence and 
frequency, oxygen pressure, substrate type, temperature and target-to-substrate distance, 
all play a role in the composition, crystal structure, orientation and hence properties of the 
deposited thin films [56].  Among them, the substrate temperature and oxygen pressure 
are believed to be the two most important parameters that determine the quality of thin 
films.  
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During the process of PLD, the critical influence of substrate temperature is 
reflected by controlling  the various thermally activated activities such as adatom 
diffusion on the substrate surface, the rate of adatom desorption and the rate of nucleation 
[59]. When the substrate temperature is reduced, supersaturation is enhanced leading to a 
high nucleation rate. A decrease of the substrate temperature also causes the decrease of 
surface diffusion coefficient of adatoms. At a low substrate temperature, the mean 
adatom diffusion distance is very short and hence only a few adatoms can form 
crystallites. While at a very high temperature, volatile elements in the films will 
evaporate back out of the substrate surface resulting in deficient film structure. Only 
when the substrate temperature achieves a certain value, the mean adatom diffusion 
distance is high enough to realize a complete crystallization of the film. Typically, the 
substrate temperature for deposition of perovskite oxide ferroelectric thin films falls in 
the range of 500-850
o
C. 
Oxygen pressure is another important parameter that affects the thin film texture and 
composition in a PLD process. In general, increasing the oxygen pressure may result in 
the following effects: (1) increase in fluorescence from all species due to collisions on the 
expansion front and subsequent inter plume collisions; (2) sharpening of the plume 
boundary, indicative of a shock front; (3) slowing of the plume relative to the propagation 
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in vacuum, resulting in (4) spatial confinement of the plume [60]. At a given substrate 
temperature, the incorporation of a volatile element into the film to be grown is greatly 
dependent upon the oxygen pressure. The Pb(Zr,Ti)O3 (PZT) films deposited in vacuum 
are always Pb-deficient due to the insufficient oxidization reaction of Pb and the partial 
re-sputtering of the substrate originating from the high kinetics energy of the ablated 
species and the relatively high sputtering coefficient of Pb [61]. In the presence of an 
oxygen gas, the intrinsic re-sputtering is minimized and the angular distribution of the 
ablated species is broadened as a result of scattering of the ablated species by the oxygen 
molecules. High oxygen pressure (~200-400 mTorr) can minimize Pb loss and favor the 
formation of stoichiometric PZT films [62]. This can be understood from the decrease in 
vapor pressure observed for metals when they become oxidized.  However, too high 
oxygen pressures will again cause the lead content in PZT films to decrease due to the 
enhanced scattering effect [63]. The kinetic energy of the ablated species with respect to 
oxygen pressure can also be used to explain the preferential growth and lattice changes of 









In this chapter, the background information regarding ferroelectrics is first presented 
with emphasis on the specific structure and phase diagram of perovskite Ba(Ti1-xSnx)O3  
material. The excellent dielectric properties and the Curie temperature close to room 
temperature make Ba(Ti0.85Sn0.15)O3 (BTS) an appealing candidate for applications in 
tunable and pyroelectric devices. 
Studies on the tunable and pyroelectric properties of BTS thin films are then 
reviewed. Limited and insufficient investigations have been conducted on these issues so 
far, with some of them only published concurrently with the present work. Most 
importantly, a systematic investigation on the microstructures and pyroelectric properties 
is still lacking. In addition, the relationship between the quality of the thin film and the 
microstructure as well as other factors that could affect the performance of the thin film 
such as strain/stress effects, deposition methods, optimal conditions still have been 
unresolved problems.  
The parameter requirements for tunable and pyroelectric performance are finally 
presented and the thin film deposition technique-PLD is briefly reviewed at the last part 
of the chapter. 
   
34 
 
Chapter III                             
Growth Optimization                      
of BTS Thin Films 
 





One of the fundamental problems limiting the application of ferroelectric thin films 
(BST, PZT, etc.) is that they exhibit inferior dielectric, ferroelectric and pyroelectric 
properties compared to their bulk counterparts. This is usually ascribed to compositional 
and microstructural inhomogeneities, defects and internal strain in thin film materials 
[65].  
Compositional and microstructural inhomogeneities and defects can develop during 
the thin film growth process. For instance, although oxygen gas is used in PLD, it has 
been shown that oxide thin films are still oxygen deficient [66-68]. Oxygen deficient thin 
films usually show large leakage and degraded electrical performance [69].  In addition, 
the lattice of an oxygen deficient film expands beyond the size reported for the 
corresponding bulk ceramics [66, 68, 70]. The change in lattice parameters can cause 
strain/stress and result in a change in preferred orientation [71] and even the crystal phase 
of the films [72].  
Internal stresses in thin films can arise from a variety of paths, including the lattice 
mismatch between the film and the substrate, the difference in thermal expansion 
coefficients (TECs) of the film and the substrate, the self-strain of the paraelectric-
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ferroelectric phase transformation if the material is deposited above the phase 
transformation temperature, defects such as dislocations and vacancies, and dimensional 
changes in the film occurred during the deposition. 
The effects of internal stresses on the structural, electrical and electromechanical 
properties have been experimentally and theoretically investigated for a number of 
ferroelectric systems. There are several phenomena relating to the stress effect: (1) 
dielectric properties as a function of film thickness, which is associated with the 
relaxation of in-plane compressive (tensile) stresses via misfit dislocation formation; (2) 
the shift in phase transition temperature (Tc) related to the two-dimensional compressive 
(tensile) stresses imposed on the films by the substrate, and (3) strain/stress caused by 
lattice mismatch shows the importance of substrate selection and growth orientation of 
the film.  Since some applications of ferroelectric materials such as pyroelectric and 
microwave tunable applications, are strongly associated with the anomaly ferroelectric 
properties near the Curie temperature, the study of strain and stress effects on these 
materials is highly demanded and also instructive for selection of suitable substrates and 
choosing of appropriate thermal process to optimize the effects.  Although such strains 
often lead to degradation of film properties, with judicious control of the substrates and 
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growth parameters, strains can offer the opportunity of enhancing  particular properties of 
a chosen material in thin film form, namely, strain engineering [73, 74].  
Growth optimization of as-deposited thin films is therefore necessary and inevitable. 
In a PLD process, oxygen pressure, substrate temperature and film thickness play the 
most important roles in the quality control of the as-deposited thin films. Through 
varying the oxygen pressure, the oxygen vacancies in the films can, in one hand, be tuned 
thus the lattice parameters of thin films can be controlled. On the other hand, the thin film 
texture and morphology can be strongly affected due to the oxygen pressure effect on the 
kinetics of the ablated species [75, 76]. Substrate temperature has the similar effect on the 
growth of thin film through affecting the migration energy of the individual atoms [77]. 
Thin films deposited at insufficiently high temperature may lead to an amorphous or a 
second phase. Normally, nucleation can only occur at a substrate temperature of higher 
than 400
o
C, and fully crystallized films are obtained at even higher temperatures 
depending on the materials and their compositions.  
In this chapter, growth optimization of BTS thin films is considered. The dependence 
of microstructure, electrical, dielectric and pyroelectric properties on oxygen pressure, 
thickness, substrate temperature of the BTS thin films deposited on highly (h00)-oriented 
LaNiO3 (LNO) bottom electrode is investigated.  
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3.2 Experimental  
 
The BTS and LNO thin films were grown on SiO2/ Si (100) substrates by PLD. A 
Lambda Physik KrF excimer laser beam (wavelength of 248 nm, pulse width of 25 ns) 
with an incidence angle of about 45
o
 was employed. A commercial LNO target with 
purity of about 99.9% was stoichiometric. The BTS target was fabricated using the 
conventional solid state reaction method. The target-substrate distance was kept at 45 mm. 
The laser repetition rate was controlled at 5 Hz.  
For the growth of highly (h00) textured LNO films on amorphous SiO2 layers, the 
deposition parameters were optimized as follows:  oxygen pressure was fixed at 50 
mTorr with laser pulse energy of 150 mJ and substrate temperature set at 550
o
C.  
For the growth of BTS thin films on LNO/SiO2/Si substrates, a LNO layer of ~ 200 
nm thickness was first deposited, then BTS thin films were deposited (laser pulse energy 
200 mJ) under various conditions. To study the effects of oxygen pressure, BTS thin 
films of 300 nm in thickness were deposited at various oxygen pressures (50-300 mTorr) 
and at 650 
o
C. To study the effect of stress, BTS thin films with different thickness from 
100 to 400 nm were deposited at 650 
o
C and at 300 mTorr oxygen pressure on top of the 
LNO layer. To study the substrate temperature effect, BTS thin films with a thickness of 
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100 nm were deposited at different temperatures from 500-650
o
C and at 300 mTorr 
oxygen pressure. All the as-deposited films were cooled in the chamber at a rate as low as 
5
o
C/min. The deposition conditions of BTS thin films by PLD are summarized in Table 
3.1. 
 
Table 3.1 Deposition conditions for BTS thin films. 
Deposition parameter Condition 
Target Ba(Ti0.85Sn0.15)O3 
Substrate SiO2/Si(100) 
Bottom Electrode LaNiO3 




Laser energy used 200 mJ/pulse 
Repetition rate 5 Hz 
Oxygen Pressure 50/100/200/300 mTorr 
Deposition Temperature 500/550/600/650 
o
C 
Thickness 100/200/300/400 nm 
Laser Source KrF Excimer, 248 nm 
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3.3 Growth of BTS Thin Films 
3.3.1 Oxygen Pressure Effect 
 
Figure 3.1 shows the XRD spectra of the BTS thin films deposited at different 
oxygen pressures from 50 to 300 mTorr. As a reference, XRD pattern of the BTS target is 
given as inset (1) in Fig. 3.1. At relatively low oxygen pressures (
2
200OP  mTorr), only 
high intensity (h00) peaks could be observed, suggesting highly textured growth of the 
BTS thin films on the LNO layers. However, a small peak at 2 =31.5o belonging to (110) 
orientation of the BTS appeared when the oxygen pressure was 300 mTorr. The relative 
peak intensity of ( 00) ( )I h I hkl   is about 0.97, showing remarkably strong (h00) 
orientation. The highly oriented BTS films are caused by the similarity in crystal 
structures between the LNO and BTS as well as small mismatch between the two lattice 
structures, which assists the BTS thin films to inherit the highly textured orientation of 
the LNO thin film [56].  




Figure 3.1 XRD spectra of BTS thin films deposited on LNO/SiO2/Si substrates at 
different oxygen pressures, with inset (1) showing the XRD pattern of the BTS bulk 
target and inset (2) displaying oxygen pressure dependence of the lattice parameters of 
BTS thin films. 
 
Although an oxygen environment was used to avoid the formation of oxygen 
vacancies in the as-deposited thin films during the PLD process, it has been shown that 
the BTS films deposited at lower oxygen pressures were still oxygen deficient as 
illustrated in inset (2) in Fig. 3.1. The out-of-plane lattice parameters were calculated 
from the (200) peaks of the BTS thin films. The lattice parameter of the BTS ceramic is 
4.02 Å [78]. The lattice parameter of the oxygen deficient films is larger than that of its 
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corresponding bulk BTS due to the fact that oxygen vacancies affect the nearest neighbor 
distance by reducing the Coulomb attractive force between cation and anion atoms [70]. 
In addition, other factors such as strain/stress caused by the lattice mismatch and thermal 
coefficient mismatch between as-deposited films and the substrate also contribute to the 
change in the lattice [79]. Therefore, it is possible that the initial reduction in the lattice 
parameter of the BTS thin films with increasing oxygen pressure from 50 to 100 mTorr is 
caused by the reduction in oxygen vacancies in the richer oxygen environments. However, 
the strain/stress effect may dominate in the later lattice reduction when the BTS thin films 
were deposited at 200 and 300 mTorr oxygen pressures [64, 79].  
 
FE-SEM images of the BTS thin films are shown in Fig. 3.2. It can be seen that 
dense and crack-free BTS thin films without droplets were obtained from the laser 
ablation. However, the surface morphologies of the BTS thin films were altered when 
deposited at different oxygen pressures. For the BTS thin films deposited at a low oxygen 
pressure (e.g., 50 mTorr, Fig. 3.2 (a)), a flat surface with average grain size of 30 nm can 
be seen. With increase in oxygen pressure to 100 mTorr (Fig. 3.2 (b)), many small 
particles started to pile up and formed into blocks resulting in a rough surface. This kind 
of situation was further developed when the oxygen pressure was increased to 200 mTorr. 
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More particles with triangular pyramid shape were formed to generate dense and rougher 
surface (Fig. 3.2 (c)), very similar to BZT (Ba(Zr0.25Ti0.75)O3) thin films grown on the 
LNO by PLD [80]. Finally, clear and round grains with average size of 50 nm were 
obtained when the oxygen pressure was maintained at 300 mTorr (Fig. 3.2 (d)), 
indicating a good crystalline quality of the BTS thin films at this condition.  
Although the cause of the change in microstructures due to different oxygen 
pressures has not been clearly understood, several reasons related to migration energy of 
the ablated species may have contributed to these microstructural changes. In the 
experiments, a phenomenon has often been observed that the expansion of the laser 
plume apparently became smaller with increasing oxygen pressures. This is usually 
accompanied by the fact that the velocities of the ablated species decreased as the oxygen 
pressure was increased. At an oxygen pressure of as low as 50 mTorr, most of the kinetic 
energy and internal energy of the evaporated particles are kept and converted to the 
migration energy on the substrate due to the relatively low rate of collision with oxygen 
atoms. As a result, the interaction between the deposited particles and the substrate is 
enhanced and the energetically more favorable cube-on-cube orientation is attained along 
the LNO surface steps. In addition, ablated particles with high migration energy cause 
high growth rate, resulting in finer grain accumulation. At the same time, insufficient 
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oxidation due to the low oxygen pressure causes oxygen vacancies, and the titanium ions 
are partially reduced. Consequently, the lattice is thought to be expanded by the 
elongation of the Ti-O bond length (the effective radius of the titanium ion increases from 




) [64]. This is consistent with 
the XRD results shown in Fig. 3.1. At a high oxygen pressure of 300 mTorr, the kinetic 
energy and internal energy of the flying particles are easily lost by frequent collisions 
between the evaporated particles and the oxygen gas. Migration energy of the deposited 
particles is thus lowered and the interaction with the substrate is reduced. Therefore, the 
preferential orientation of the thin film is degraded as shown in Fig. 3.1. Moreover, the 
lower kinetic and internal energy of ablated particles cause a lower growth rate, but more 
particles accumulate to form larger grains promoted by the high substrate temperature. 
When a medium oxygen pressure (e.g., 100 mTorr or 200 mTorr) is explored, the 
situation is too complicated to be simply explained by the kinetic migration energy mode. 
Further research on the nucleation and growth mechanism of the BTS thin films 
deposited under medium oxygen pressure would be of great interest. 
Figure 3.3 shows the leakage current density as a function of electric field for the 
BTS thin films deposited under different oxygen pressures. It can be seen that with 
increasing deposition oxygen pressures, the leakage current of the BTS thin films 
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decreases evidently at electric field greater than 200 kV/cm. In general, the higher the 
oxygen pressure, the lower is the leakage current due to the fact that lower density of 
oxygen vacancies is created at higher oxygen pressures. Oxygen vacancies are normally 
characterized as one of the main sources of leakage in ferroelectric thin films. Fig. 3.3 
shows that the leakage current versus electric field for the BTS thin films deposited at 
different oxygen pressures shows different non-linear features. This figure suggests that 
there could be different conduction mechanisms dominant in the conduction process. 
Besides linear Ohmic conduction (usually occurs at initial low electric field range), 
several non-linear conduction mechanisms such as Schottky emission [81], Poole-Frenkel 
emission [82], space charge limited current (SCLC) [83],  grain boundary limited current 
[84], have been suggested as possible sources of  leakage current in insulating thin films 
at relatively high electric fields. 




Figure 3.2 FE- SEM images of the BTS thin films deposited at different oxygen 
pressures: (a) 50 mTorr, (b) 100 mTorr, (c) 200 mTorr, and (d) 300 mTorr. 
 
 








Figure 3.4 (a) ln( )J vs. 
1 2E  plot for the BTS thin films deposited at 100 and 200 mTorr, 
(b) leakage current density fitted with space-charge-limited current (SCLC) conduction 
theory for the BTS thin films deposited at 50 and 300 mTorr. 
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For BTS thin films deposited at 100 and 200 mTorr oxygen pressure, it is found that 
at high electric field the curve of ln( )J vs.
1 2E  exhibits good linearity (Fig. 3.4 (a)), 
which can be explained either by Schottky emission or Poole-Frenkel emission 
mechanisms. For both mechanisms, the current density J in an insulator thin film is 
given as [85]:  
1 2
0 exp( )J J E kT                                                        (3-1) 
where 0J  is a constant, E is the electric field, k is Boltzmann‟s constant, T is the 
absolute temperature and   is a constant that can be described by  
3 1 2
0( )e                                                               (3-2) 
where   is the high-frequency (optical) dielectric constant of the thin film and the 
coefficient 1   for Poole-Frenkel and 4  for Schottky emission. It should be noted 
that the refractive index of the thin film could be calculated using 1 2n  from Eqs. (3-1) 
and (3-2) as well as the slope obtained from the plot of ln( )J vs.
1 2E . The slope value of 





respectively as shown in Fig. 3.4 (a). For the BTS thin films deposited at 100 mTorr 
oxygen pressure, n  is calculated to be 3.63 for 1  and 1.85 for 4  . On the other 
hand, for the BTS thin films deposited at 200 mTorr oxygen pressure,  n  is found to be 
7.29 for 1  and 3.65 for 4  . It is believed that there is no report on the refractive 
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index of the BTS bulk and thin films. The question on which of the two calculated 
refractive indexes of the BTS thin films deposited at the same oxygen pressure is not 
suitable cannot be answered since both of them are meaningful in physics. However, 
from the n value obtained, n= 3.63 as 1   for the BTS films deposited at 100 mTorr 
and n= 3.65 as 4   for films deposited at 200 mTorr are consistent with each other. 
Consequently, Poole-Frenkel conduction mechanism is operative for the BTS thin films 
deposited at 100 mTorr, while Schottky emission conduction mechanism dominates in 
the BTS thin films deposited at 200 mTorr at high electric field range. At relatively low 
electric field stage, a linear relationship of J E (as shown in the inset in Fig. 3.3 (a)) 
indicates that the leakage is mainly caused by dielectric relaxation [25].  
In contrast, for BTS films deposited at 50 mTorr and 300 mTorr oxygen pressures, 
there was an abrupt increase in leakage current with increasing applied electric field, 
which is one of the main features for SCLC conduction mechanism. According to the 
SCLC theory developed by Rose [86] and Lampert [87], the log-log plot of current 
density versus electric field was fitted well by several linear segments with different 
slopes, as shown in Fig. 3.4 (b). At low electric fields, the slopes are close to 1 for both 
the BTS thin films deposited at 50 and 300 mTorr, indicating a linear Ohmic conduction 
which is dominated by thermally stimulated free electrons. With increasing the applied 
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voltage, electrons will be injected into the thin film. At a sufficiently high electric field, 
the density of free electrons due to carrier injection becomes greater than the density of 
thermally stimulated free electrons. The current density then follows the SCLC law. The 
change in the slopes to 1.7 and 1.3 indicates the transition between Ohmic and SCLC 
behavior. After the SCLC behavior, as shown for the BTS thin films deposited at 50 
mTorr, there is an abrupt increase in leakage current density due to the applied voltage 
forcing all the available traps to become filled, thus following the trap filled limit (TFL) 
law [88]. Compared to the leakage property of BTS thin films deposited at 50 mTorr, the 
leakage grows more slowly and flatly for the BTS thin films deposited at 300 mTorr, 
corresponding to a mixed Ohmic-SCLC conduction state. One possible explanation may 
be large grain boundaries with high-resistivity impeding the conduction through the films 
[89].  
According to the above discussion, at high applied electric fields Poole-Frenkel 
conduction mechanism is dominant for the BTS thin films deposited at 100 mTorr and 
Schottky emission conduction mechanism dominates when oxygen pressure is at 200 
mTorr, while SCLC conduction mechanism is dominant for BTS thin films deposited at 
50 and 300 mTorr. The different conduction process may have resulted from the different 
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microstructures of the thin films and especially the defect status (such as oxygen 
vacancies) which could be controlled by the conditions of deposition.  
 
3.3.2 Thickness Effect 
 
To study the thickness effect on the microstructure and pyroelectric properties of the 
BTS thin films, films with different thicknesses ranging from 100 to 400 nm were grown 
on LNO/SiO2/Si (100) substrates at a constant oxygen pressure of 300 mTorr. The XRD 
analysis (not shown) indicates that all the BTS thin films possess a strong (h00) 
orientation with relative peak intensity of ( 00) ( )I h I hkl   larger than 0.97, 
indicating that film thickness has negligible effect on the degree of orientation. However, 
the full width at half maximum (FWHM) of the diffraction peaks, which corresponds to 
the film crystallinity, increased with increasing film thickness. FWHM of (100) 
diffraction peaks of the BTS films with thickness of 100, 200, and 400 nm were 






, respectively. Some of the results are 
summarized in Table 3.2. According to Scherrer‟s formula [90], small crystallites should 
be grown in thick films: 
0.89 cosd B                                                           (3-3)  
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where d is the crystallite size, λ is the X-ray wavelength, B is the FWHM in radians and θ 
is the diffraction angle. However, FE-SEM examinations showed that the grain sizes of 
the BTS thin films of different thicknesses are almost similar (60-80 nm) (Fig. 3.5). At 
the same time, FE-SEM cross-sectional images of the BTS thin films showed columnar 
structures (not shown), indicating that the BTS films were almost grown epitaxially on 
the LNO layer. Therefore, the differences between observed grain size and crystallite size 
obtained using Scherrer‟s formula (Table 3.2) are attributed to the stresses in the BTS 
films which affect the FWHM of the diffraction peaks [91].  
 
Table 3.2 Properties of the BTS thin films with different thicknesses. 
Thickness (nm) 100 200 400 
FWHM of (100) (degree) 0.2849 0.3088 0.4028 
Crystallite size (nm) 52 48 36 
Orientation degree 0.97 0.97 0.97 
r at 1kHz and 20 
o
C 600 923 1850 
 
The out-of-plane lattice parameter of the LNO thin film without BTS deposition 
determined from the (200) peak of XRD pattern is about 3.854 Å, which is smaller than 
its bulk value of 3.861 Å [92], indicating the presence of an in-plane tensile stress. A 
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clear shift in the peak position of (100) BTS and LNO peaks towards a lower position is 
observed with increasing BTS film thickness (Fig. 3.6). The out-of-plane lattice 
parameters of the BTS and LNO thin films as a function of the BTS film thickness are 
shown in Fig. 3.7. It was found that after depositing the BTS thin films, the lattice 
parameter of the LNO film decreased initially followed by increase with increasing the 
BTS film thickness. The reasons can be explained as follows. It is commonly accepted 
that stresses in thin films originate from two major sources [93]: 1) intrinsic stress due to 
lattice mismatch between the film and the substrate (or electrode), and 2) thermal stress 
due to the difference in thermal expansion coefficient between the film and the substrate. 
The lattice mismatch between the a-axis of bulk BTS and LNO is 3.98 % (a(BTS) =4.02 Å 
and a(LNO) = 3.86 Å). Thus, a large distortion is required for matching when the BTS film 
is deposited on the LNO layer, which is expected to produce an in-plane tensile stress in 
the LNO layer. Meanwhile, an in-plane tensile stress is sustained in the LNO layer due to 




) [94] being larger than that of 




) [93] as shown in Fig. 3.8. Therefore, the first 
reduction in the lattice parameter of the LNO film is attributed to the enhanced in-plane 
tensile stress. With the increase in the BTS film thickness, the two types of stresses are 
partially relaxed, particularly for the lattice mismatch stress which can be relieved over a 
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short distance by forming a misfit dislocation. Thus, the lattice parameters of LNO 
gradually return to the bulk values. A similar situation also happens in the BTS film layer, 
that is, an in-plane compressive stress due to lattice mismatch and an in-plane tensile 





co-existing in the BTS films. However, the reduction in lattice parameter cannot be 
observed, indicating that the tensile stress caused by mismatch in thermal expansion 
coefficients plays a key role compared with the compressive stress induced by lattice 
mismatch in the BTS films when the film thickness is larger than 100 nm.  
 
 
Figure 3.5 FE-SEM surface images of the BTS thin films with different thicknesses: (a) 
100 nm, (b) 200 nm, and (c) 400 nm. 
 




Figure 3.6 The θ-2θ XRD patterns (2θ = 20-28o) of the BTS thin films with different 
thicknesses: (a) 100 nm, (b) 200 nm, (c) 400 nm. 
 
 
Figure 3.7 Out-of-plane lattice parameters of BTS and LNO thin films as function of 
BTS film thickness. 
 




Figure 3.8 A schematic drawing of stresses in BTS and LNO film layers. 
 
The effects of film thickness on the dielectric properties of the BTS films were 
studied. The dielectric constant ( r ) was measured at 1 kHz and at 20 
o
C. It was found 
that the dielectric constant, r , increased with increasing film thickness from about 600 
up to about 1850 for the films with thickness from 100 to 400 nm (Table 3.2). Many 
factors can contribute to the dielectric constant such as grain size, crystallographic 
orientation, stress and effect of an interfacial dead layer with an amorphous structure that 
increases with decreasing film thickness. From the data in Table 3.2, it can be seen that 
the change in dielectric constant was not proportional to the change in FWHM. There 
was a much larger change in dielectric constant in contrast to the change in FWHM when 
BTS film thickness was increased from 100 to 400 nm, which suggested that crystallite 
size was not a dominant factor controlling the dielectric constant of the BTS films. 
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Recently, Morito et al. [96] have reported that stress other than crystallinity, is the 
dominant factor causing a remarkable change in the dielectric constant of  
(Ba0.5Sr0.5)TiO3 films. In addition, the dead layer existing between the substrate and the 
upper as-deposited ferroelectrics has been believed to create the so-called “capacitors in 
series” with the ferroelectric film so that the measured dielectric constant m obtained is 
reduced, based on the following equation [97]:  
i m i m
i f m
d d d d
  

                                                              (3-4) 
where m  is the measured dielectric constant, md is the total film thickness, id  is the 
interfacial dead layer thickness, 
f is the dielectric constant of the film, and i is the 
interfacial dead layer dielectric constant and its value normally is significantly lower than 
that of the ferroelectric bulk. It can be seen from Eq. (3-4) that the thicker the 
ferroelectric film, the less effect of interfacial layer and thus the higher the dielectric 
constant is. This may be one of the reasons explaining for the dielectric behaviors in 
Table 3.2. In addition, the relaxation of stress may be another dominant factor affecting 
the change in dielectric constant in the BTS films as state above. 
Pyroelectric coefficient, p, is determined by the change in the electric displacement 
D with respect to temperature T, which usually consists of two parts, change in 
spontaneous polarization and change in dielectric constant at the applied electric fields: 













                                                (3-5)  
where 
sP is the spontaneous polarization of the ferroelectric material, E  is the applied 
electric field, 
0 and r  are the permittivity of free space and dielectric constant of the 
material respectively. For conventional pyroelectric materials with Curie temperature 
much higher than room temperature, the pyroelectric coefficient is normally determined 
by the temperature-induced change in spontaneous polarization (dPs/dT) in the material, 
and is described by the first part of Eq. (3-5). On the other hand, dielectric bolometer 
devices based on ferroelectric material with Curie temperature normally lower and close 
to room temperature, the pyroelectric coefficient is normally determined and maximized 
by the second term in Eq. (3-5) and the calculated pyroelectric coefficient is usually 










                                                             (3-6) 
To evaluate the usefulness and performance of a material in pyroelectric detection 
applications, the figure of merit (FOM), also known as detectivity FOM (FD), is 
introduced as in Eq. (2-7).  
The temperature dependence of dielectric properties of the BTS thin films with 
thickness from 100 to 400 nm is shown in Fig. 3.9. The dielectric loss tangent at 
temperature from 20 to 50 
o
C ranges from 0.03 to 0.06 without much variation. The low 
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dielectric loss tangent indicates a relatively high quality of the thin films. The 
temperature dependence of the dielectric constant is relatively broad, which is different 
from the sharp change curve usually observed in bulk ferroelectric materials. For all thin 
films, the dielectric constant decreases monotonously with increase in temperature in this 
temperature range, indicating that CT  of the BTS thin film is below 20
o
C. Ceramic BTS 
is reported to have a ferroelectric-paraelectric phase transition at about 20
o
C. It should be 
noted that the difference in CT  between the bulk and thin film form of the same material 
is usually observed in the experiments since CT  of thin films can be altered by various 
extrinsic factors such as strain/stress from the substrate and grain size [98]. Another 
possible reason may be the statistical composition fluctuation where Sn ratio of the BTS 
thin film is slightly higher than 15%, resulting in CT  decreasing below 20
o
C. This has 
been reported by Miyamoto et al. [98] in a MOD process. Induced pyroelectric 
coefficient ( indP ) has been calculated through Eq. (3-6). It can be seen that indP  is 
normally determined by two terms: applied electric field E and rd dT . Figures 3.10 (a), 
(b) and (c) show the change of rd dT  and indP  of a BTS thin film with 200 nm 
thickness at different temperatures from 20 to 50
o
C and different electric fields. It is clear 
that at a given electric field, rd dT  decreases with increasing temperature, similar for 
indP . However, at a given temperature, indP  increases with increasing applied electric field 
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as shown in Figs. 3.10 (a), (b) and (c). The temperature dependence of FD of the BTS 
film at different applied electric fields is plotted in Figs. 3.10 (d), (e) and (f). It can be 
seen that the trend for FOM is the same as the change in pyroelectric coefficient with 
temperature at a given applied electric field since FD is mainly determined by pyroelectric 
coefficient when the loss tangent of the thin films is similar. 
The pyroelectric properties of BTS thin films with different thicknesses are 
summarized in Table 3.3.  It is clear that high Pind and FD are normally obtained with 
increasing film thickness. The typical values of the pyroelectric coefficient and figure of 








, respectively (taking the BTS thin 
film of 200 nm thickness as an example, at 100 kV/cm and 20 
o
C), which are higher than 
most of the reported results for ferroelectric thin films deposited on the silicon substrates 
[4]. The pyroelectric coefficient is about eight times that of lithium tantalite (LiTaO3) 
single crystal ( 4 22.3 10 /P C m K  ) [4] which is currently used in IR detector 
applications, while the figure of merit is a little lower than that of LiTaO3 single crystal 
( 5 1 24.9 10D aF P
   ) due to much higher loss tangent of the BTS films compared to that 
of LiTaO3 single crystal. Therefore, there is much room for improvement in FOM of BTS 
thin films through reducing the loss by doping and/or microstructure improvement such 
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as addition of a lower dissipation layer between the bottom electrode and the BTS thin 
film. This will be addressed in Chapter V and Chapter VI. 
 
 
Table 3.3 Thickness dependence of P  and FD of the BTS thin films at different applied 















Applied electric field (kV/cm) Applied electric field (kV/cm) 
25 50 100 25 50 100 
100 2.23 5.27 8.52 0.52 1.25 2.3 
200 7.49 10.2 17.9 2.7 3.4 4.4 
400 20.2 26.9  3.8 4.8  
 




Figure 3.9 Temperature dependence of dielectric properties (1 kHz) of the BTS films 
with different film thickness: (a) 100 nm, (b) 200 nm, and (c) 400 nm. 
 





Figure 3.10 Temperature dependence of /rd dT , indp  and FD for the BTS thin films 
with thickness of 200 nm.  
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3.3.3 Temperature Effect 
 
Beside effects due to oxygen pressure, deposition temperature also plays an 
important role in determining the quality of the thin film. Denser structure and larger 
grain sizes are usually obtained at higher deposition temperatures. In addition, the 
preferential growth orientation of the grains, and thus the maximum polarization of the 
ferroelectric films are closely related to the deposition temperature. Moreover, different 
deposition temperatures will directly affect the interfacial conditions between the film 
and the electrode, resulting in either improvement or degradation of the leaky properties 
of thin films. Therefore, to fully understand the relationship between microstructures and 
electric properties of BTS thin films, it is inevitable to study the effect of temperature in 
the process. 
Figure 3.11 shows the 2   XRD patterns of BTS thin films deposited at different 
temperatures from 500 to 650 
o
C. All the peaks were determined to belong to the BTS 
and LNO cubic structures, and no other phase was detected. In addition, this figure shows 
that temperature has little effect on the growth orientation of BTS films which is inherited 
from the bottom LNO layer. However, stronger peak intensities of the BTS films were 
observed when the films were deposited at higher temperatures, suggesting higher 
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crystanillity of the BTS films at high deposition temperatures. No obvious peak shift was 
observed as shown in the inset of Fig. 3.11, indicating that unlike oxygen pressure, 
deposition temperature has less effect on the lattice parameters of the BTS films.  The 
broad and relatively low intensity of (100) peak of BTS films deposited at 500
o
C (as 
shown in the inset in Fig. 3.11) also means that the deposition temperature of 500
o
C may 
be too low to obtain completely crystallized grains. This is confirmed by the FE-SEM 
surface morphology examination.  
 
Figure 3.11 XRD patterns of BTS thin films at different deposition temperatures. 
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Figure 3.12 shows the FE-SEM surface morphologies of the BTS films at different 
deposition temperatures. It is clear that with increasing deposition temperature, the as-
deposited BTS films gradually develop from an amorphous-like surface without clear 
grain boundaries to one with clear rounded grains at higher temperatures. This 
observation fully agrees with the previous XRD examinations. BTS films deposited at 
temperatures higher than 650
o
C show cracks on the surface due to stress accumulated 
from the difference in thermal coefficient between BTS film and the substrate. Thus, no 
discussion on BTS thin films deposited beyond 650 
o
C is presented. 
Figure 3.13 reveals the temperature dependence of dielectric constant and loss 
tangent of the BTS thin films measured at 1 kHz and 1 MHz frequencies. Both dielectric 
constants measured at 1 kHz and 1 MHz increase remarkably from 281, 427, 535 to 600 
and from 208, 362, 477 to 548 for the films deposited at 500, 550, 600 to 650
o
C, 
respectively. The increase in magnitude of dielectric constant for the films deposited 
between 500 and 550
o
C is apparently larger than that of the films deposited at 
temperature higher than 550
o
C, since the BTS thin film deposited at 500
o
C possesses 
amorphous-like structure and crystallization is insufficient. The increase in dielectric 
constant with increasing substrate temperature can be attributed to the improved 
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crystallinity  of the resultant film until complete perovskite crystalline phase obtained and 
to the increase in the grain size of the film [99], as evident from Figs. 3.11 and 3.12.  
 
Figure 3.12 FE-SEM surface morphologies of BTS thin films deposited at different 
temperatures: (a) 500 
o
C, (b) 550 
o
C, (c) 600 
o




Contrary to the behaviors observed in dielectric constant, the loss tangent decreases 
with increase in substrate temperature for both measured frequencies of 1 kHz and 1 
MHz.  At 500
o
C, the loss tangent at 1 MHz is as high as 1.215. It suddenly decreases to 
0.706 at 550
o
C and then slowly reduces to 0.521 and 0.438 at 600 and 650
o
C respectively, 
as shown in Fig. 3.13. At 1 kHz, the loss tangent is much lower. It also suddenly 
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decreases from 0.0823 to 0.0524 as the deposition temperature is increased from 500 to 
550
o
C, and then decreases to 0.0427 and 0.0409 as the deposition temperature is 
increased to 600 and 650
o
C, respectively. The decrease in loss tangent with the increase 
in substrate temperature is due to the improvement in crystallinity of the thin films so that 
the number of defects in the film body is gradually reduced.  These defects are the main 
factors causing the high dielectric loss in ferroelectric thin films [100]. 
 
Figure 3.13 Dielectric properties of BTS thin films (measured at 1 kHz and 1 MHz 
frequencies) deposited at different temperatures. 
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In general, the changes in dielectric constant and loss tangent vs. substrate 
temperature at 1 MHz are very similar to those for 1 kHz. However, it is noted that the 
values of the dielectric constant measured at 1 kHz are higher than those measured at 1 
MHz, while the values of the loss tangent measured at 1 kHz are much lower than those 
measured at 1 MHz. In additional to the intrinsic effects of polarization mechanisms 
involved in dielectric materials [101], the decrease in loss tangent may also arise from to 
the reduction in leakage current for thin films deposited at higher temperatures as shown 
in Fig. 3.14.   
Figure 3.14 shows the leakage current characteristics of BTS thin films deposited at 
different temperatures. Like before, the BTS thin film deposited at 500 
o
C shows inferior 
leakage current properties than those of BTS thin films deposited at higher temperatures. 
It is believed that improvement in the crystallinity and reduction of defects at higher 
substrate temperatures are responsible for the decrease in leakage current. A typical value 













This Chapter focuses on the investigation on growth optimization of BTS thin films. 
The role of oxygen pressure, thickness effect and substrate temperature effect on the 
microstructure, electrical and pyroelectric properties of BTS thin films have been studied. 
The deposited BTS thin films show highly (h00)-orientation. With increasing oxygen 
pressure, BTS thin film texture becomes weaker while oxygen vacancies are found to be 
reduced. The microstructures of the as-deposited thin films demonstrate strong 
dependence on oxygen pressure due mainly to the change in kinetic and internal energies 
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of the ablated species. BTS thin films deposited at higher oxygen pressures possess better 
electrical properties. The study on the thickness dependence of dielectric and pyroelectric 
properties shows that both LNO and BTS thin films are under tensile stress and the 
stresses decrease with increasing thickness of the BTS films by relaxation. Larger 
dielectric constant and pyroelectric coefficient are obtained for BTS thin films with 
higher thickness. At room temperature, the calculated pyroelectric coefficient and figure 








 (BTS thin film with a 200 nm 
thickness at 100 kV/cm and at 20 
o
C), respectively. In addition, substrate temperature 
also plays an important role in the structural evolution of the BTS thin films. Higher 
deposition temperature helps crystallization and grain growth, reduces possible defects, 
thus lower dielectric loss and electrical leakage are obtained. Based on the present studies, 
the optimum substrate temperature is ~600- 650
o
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It is known that leakage current plays a key role in determining the quality and 
reliability of ferroelectric devices [89]. Leakage current through dielectric thin films is 
usually unavoidable and its magnitude and corresponding mechanism depend on the 
characteristics of the material, fabrication procedure, and testing conditions [102], etc. 
Hence, leakage characteristics of films are believed to be sensitive diagnostic tools in 
monitoring material parameters such as concentration and distribution of defects and 
quality of interfaces [103]. As being documented, charge transport through ferroelectric 
thin films can be broadly divided into two major categories, viz., interface-limited and 
bulk-limited mechanisms [89, 103, 104].  Therefore, a systematic study on the 
mechanism of conduction may provide a wealth of information regarding interface and 
bulk space charges [102]. This will in turn help guide future work to integrate proposed 
thin films into functional microelectronic devices. Moreover, since leakage of 
ferroelectric thin films is strongly dependent on temperature, temperature dependent 
examinations would reveal accurate leakage mechanisms [105-107]. 
In this chapter, leakage mechanisms of BTS thin films are investigated by studying 
the characteristics of leakage current density versus electric field (J-E) at temperatures 
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from 183-403 K. In addition, since the interface conditions, thus the leakage currents, are 
strongly influenced by the electrode material [104, 108], the influence of two types of 
bottom electrodes (Pt and LaNiO3 (LNO)) have also been studied.  As will be shown, 
different leakage mechanisms such as Poole-Frenkel emission, space charge limited 
current, and Fowler-Nordheim tunneling are found to be dominant at different 
temperatures and voltage polarities. 
  
4.2 Experimental  
 
BTS thin films were grown on Pt (111)/Ti/SiO2/Si (100) and LNO/SiO2/Si (100) 
substrates by PLD in a vacuum chamber at a base pressure of less than 10
-5
 Torr. The 
BTS ceramic target was fabricated using a conventional solid state reaction method. The 
commercial stoichiometric LNO target with a purity of about 99.9% was used to grow the 
LNO bottom electrode. For PLD, a Lambda Physik KrF excimer laser beam (wavelength 
of 248 nm and pulse width of 25ns) was employed. The laser fluence and repetition rate 
were controlled at 2 J/cm
2
 and 5 Hz, respectively. For the BTS films grown on 
LNO/SiO2/Si (100) substrates, LNO films of about 200 nm thickness were firstly 
deposited under an optimized temperature and oxygen pressure. BTS film with thickness 
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of about 300 nm was then deposited on top of the LNO layer. It should be noted that 
deposition of the BTS was carried out immediately after the deposition of the LNO layer 
without breaking the vacuum to avoid possible contamination. For deposition of the BTS 
thin film on Pt electrode, BTS film was deposited at 923 K and an oxygen pressure of 
300 mTorr to a thickness of about 400 nm.   
The structure and crystallinity of the films were characterized using a Shimadzu 
XRD-7000 x-ray diffractometer with Cu K  radiation. The surface and cross sectional 
images of the as-deposited BTS films on LNO and Pt substrates were examined using a 
Hitachi S-4100 field emission scanning electron microscope (FE-SEM). To measure the 
leakage currents, Pt electrodes with a diameter of 200 μm were evaporated on top of the 
BTS thin films through a shallow mask, and a Radiant Precision Workstation with a 
vacuum MMR K-20 temperature controller system was employed. Staircase shaped dc 
bias voltages with a step of 0.12 V and a waiting time of 1 s were applied. The polarity of 
bias voltage (electric field) is defined as positive or negative according to the positive or 
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4.3 Results and Discussion 
4.3.1 Microstructure Analyses 
 
Different film textures have been developed when BTS films were deposited on 
LNO/SiO2/Si (100) and Pt (111)/Ti/SiO2/Si substrates, respectively.  XRD results showed 
that BTS thin films deposited on LNO/SiO2/Si (100) substrates demonstrated a highly 
(h00) texture, while BTS on Pt/Ti/SiO2/Si substrates displayed a random orientation [109, 
110]. It is believed that the highly oriented BTS films are promoted by the similarity in 
crystal structures between BTS and the bottom LNO layer as well as small mismatch 
between the two lattice structures. These enable the BTS films to inherit the highly 
textured orientation of the LNO thin film [109].  
To illustrate the microstructures of the as-deposited thin films more clearly, cross 
sectional images of thicker BTS thin films (~1 μm) on LNO/SiO2/Si and Pt/Ti/SiO2/Si 
structures are shown in Fig. 4.1. It is clear that both BTS thin films show largely 
columnar grains extending through the whole structures, implying the possible growth 
mechanism being growth-controlled rather than nucleation-controlled [111]. The sharper 
interface observed between BTS and LNO may be due to the extremely smooth nature of 
the LNO layer grown by PLD [112]. The dense and grained structure of BTS thin films 
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reveal the high quality of the as-deposited thin films on both substrates under the 
deposition conditions used. 
 
Figure 4.1 Cross sectional images of BTS thin films deposited on (a) LNO/SiO2/Si 
substrate, (b) Pt/Ti/SiO2/Si substrate. 
 
4.3.2 Leakage of Pt/BTS/LNO/SiO2/Si Structure 
 
Figure 4.2 shows a typical leakage current density versus electric field (J-E) 
characteristic of a Pt/BTS/LNO capacitor for both positive and negative biases measured 
at the temperature range from 303 to 403 K. At a given electric field, the leakage current 
density increases with increasing temperature. Moreover, the J-E curves of positive and 
negative biases are asymmetrical, which may have come from the different work 
functions (or electron affinity) of Pt and LNO electrodes [89, 113].  Of all the possible 
mechanisms of conduction, the Schottky emission [85], Fowler-Nordheim (FN) tunneling 
[114], Space-charge-limited current (SCLC) [83], and Poole-Frenkel (PF) emission [82] 
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have been widely suggested to be responsible for the leakage current in insulating thin 
films. It may be noted that the Schottky emission and FN tunneling are interface-limited 
conduction whereas the SCLC and PF emission are bulk-limited conduction. 
 
Figure 4.2 Typical leakage current density vs. electric field (J-E) characteristics of a 
Pt/BTS/LNO capacitor at both positive and negative biases from 303 to 403 K. 
 
Figure 4.3 shows the log(J) vs log(E) plots for the BTS film at positive biases and 
various temperatures from 303 to 403 K. It can be seen that the curves could be well 
fitted by several linear segments with different slopes, in agreement with the SCLC 
theory developed by Rose [86] and Lampert [87]. At low electric fields, the curves are 
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linear with slopes ~ 1, indicating a normal Ohmic behavior dominated by thermally 
generated electrons. With increasing the bias voltage, extrinsic free electrons from the 
electrodes could be injected into the thin film. At an adequately high bias voltage, the 
density of free electrons due to carrier injection becomes greater than the density of the 
thermally generated electrons. In this case, the current density follows the SCLC law [87]:  
2
09 /8rJ E d   ,                                                             (4-1) 
where 0 is the permittivity of free space, r is the low-frequency permittivity of the film, 
 is the charge carrier mobility, d is the thickness of the film, and   is the ratio of the 
free carriers to the total carriers. The change in slope to ~2 indicates the transition 
between Ohmic and SCLC behaviors. The onset voltage VSCLC is expressed as [87]:  
 2 0/ 2SCLC e rV eN d   ,                                                         (4-2) 
where e is the electronic charge, and Ne is the density of thermally generated electrons. 
As shown in Fig. 4.3, the onset electric field of SCLC increases with increasing 
temperature which could have resulted from the increase in Ne and/or decrease in r . If   
is predominantly determined by impurity scattering in the measurement temperature 
range, it can be expressed as 3/ 2aT  [114],  where a is a constant. Therefore, from Eq. 
(4-1), it can be seen that leakage current density in a given electric field increases with 
increasing temperature, which is consistent with the results shown in Fig. 4.3.  




Figure 4.3 Log(J) vs log(E) plots for BTS films at positive biases and temperatures from 
303 to 403 K. Note: the leakage currents measured at 333, 363 and 403 K have been  
multiplied by 10, 70 and 200 respectively to distinguish the curves clearly. 
 
On further increase in applied bias as shown in Fig. 4.3, results in an abrupt increase 
in leakage current density. This is because high applied bias voltage forces all the 
available traps to become filled, following the trap-filled limit (TFL) law [88]. VTFL, the 
trap-filled limited voltage when all the trap levels are fully occupied, can be described as 
[87]:  
2
0/ 2TFL t rV eN d   ,                                                          (4-3) 




tN  is the total trap density. Figure 4.3 shows that the values of VTFL of the BTS 
thin film decrease slightly with increasing temperatures. One possible explanation is that 
a relatively lower bias is required to fill all the traps due to more charge carriers being 
thermally stimulated at higher temperatures [115].  
Figure 4.4 shows the ln(J/E
2
) vs 1/E plots for the BTS films at negative biases and at 
various temperatures from 303 to 403 K. It is found that the curves demonstrate good 
linearity at high electric fields, indicating that leakage current may be dominated by the 
FN tunneling current. It may be noted that FN tunneling has also been identified as the 
dominant leakage mechanism in BST and other ferroelectric materials [116, 117]. The 
current can be described as [114] 
2 3/ 2exp( )iJ BE C E  ,                                                  (4-4) 
where B and C are constants and i  is the potential barrier height. In general, the 
potential barrier height can be calculated from the slope (s) of the curves through
2/3( / )i s C  . As indicated in Fig. 4.4, the absolute value of s ( s ) decreases with 
increasing temperature, indicating that the potential barrier height reduces at higher 
temperature as a result of
2/3
i s  . Therefore, the leakage current density by tunneling 
increases with increasing temperature, as observed in the present study. It should also be 
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pointed out that the leakage current density is primarily controlled by Ohmic conduction 




) vs (1/E) plots for BTS films at negative biases and temperatures 
from 303 to 403 K. Note: ln(J/E
2
) values measured at 363, 333, and 303 K have been 
multiplied by 1.1, 1.2 and 1.3 respectively to distinguish the curves clearly. 
 
The present work thus shows that SCLC conduction mechanism is dominant at 
positive bias and FN tunneling conduction mechanism at negative bias for Pt/BTS/LNO 
capacitors at temperature from 303 to 403 K. 
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4.3.3 Leakage of Pt/BTS/Pt/Ti/SiO2/Si Structure 
 
For BTS thin films deposited on Pt/Ti/SiO2/Si substrates, leakage current density 
show highly symmetric behavior for both positive and negative biases (not shown), 
which may be attributed to the same top and bottom electrode materials (Pt) used. 
Therefore, bias polarity will not be considered in the following discussions. 
Besides SCLC and FN tunneling mechanisms, PF conduction and Schottky emission 
are the two main mechanisms usually used to explain the possible conduction behaviors 
of ferroelectric materials [89]. PF conduction in thin films originates from the positively 
charged, defect/impurity generated electron traps and involves the consecutive hopping 
of charges between defect trap centers [85, 118]. A Coulombic barrier is created by the 
interaction between the electrons and the positively charged traps. In addition, the 
ionization of the trap charges can be both thermally and field activated. Thus, for PF 









k T k T

 
   ,                                        (4-5) 
where c is a constant, EI is the trap ionization energy, Bk is Boltzmann constant, T is 
temperature, e is the charge of electron, and  is the optical-frequency permittivity. 
Schottky emission on the other hand, is derived from the current overcoming across the 
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Schottky barrier at the interface between the metal electrode and the semiconductor-like 









k T k T

 
   ,                                           (4-6) 
where A is Richardson constant and   is the Schottky barrier height.  
It is worthy to note that the expressions for the two transport mechanisms [Eqs. (4-5) 
and (4-6)] are quite similar, except that the barrier lowering in PF conduction is twice as 
large as that of Schottky emission. This is because the interaction between the immobile 
positive traps and the hopping electrons in PF conduction is twice as large as the image 
forces in Schottky emission [102, 119].  
According to Eqs. (4-5) and (4-6), the ln( ) vs 1/ 2E or ln(J) vs 1/ 2E  plots should 
show linearity if the dominant conduction mechanism is PF or Schottky emission. 
Figures 4.5 (a) and (b) display how PF and Schottky fit the results. It can be seen that 
quite acceptable linear fittings have been obtained at different temperatures, especially in 
the medium electric field ranges (~30-200 kV/cm). To identify which mechanism might 
be dominating the leakage current, it is necessary to extract the refractive index of the 
thin film from the slopes of the plots by using the relation 2n  . It is believed that there 
is no report on the exact refractive indices for BTS bulk and thin films. However, from 
the investigation in Chapter III, a refractive index for BTS thin films of n~3.6 is possible. 
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Therefore, Schottky emission can be ruled out as the dominant conduction mechanism for 
the BTS thin film from 203 to 403 K due to the calculated n being much less than the 
expected values [Fig. 4.5(b)].  Consequently, PF conduction mechanism is likely to 
dominate in the BTS films at the temperature range from 243 to 303 K (n~3.8). This is 
not unexpected as PF conduction has already been identified as the leakage mechanism in 
other ferroelectric materials such as PZT [102, 106].  




Figure 4.5 Various fits of leakage current data for BTS films on Pt electrodes from 213 
to 403 K: (a) ln( ) vs 1/ 2E plot, and (b) ln(J) vs 1/ 2E plot. 
 
To further clarify the possible conduction mechanism for the BTS films above 303 
K and below 243 K, log(J) vs log(E) curves are plotted. As shown in Fig. 4.6, it is clear 
that the curves can be fitted with several segments of different slopes which can be 
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explained by the SCLC mechanism. Different from the leakage behaviors of the BTS thin 
film below 243 K, there is no trap-filled limited regime for the BTS thin film at 
temperature higher than 303 K, suggesting that the elevated temperatures facilitate carrier 
transport through the thin films.  In addition, a slope of n~1.77 for the BTS thin film 
measured at 243 K is closer to 2 rather than 1 (not shown), indicating the absence of 
Ohmic behavior in low electric fields. Ohmic conduction is normally deemed as the 
initial part of a SCLC process and is usually observed in ferroelectric thin films [88, 115, 
120, 121].  It is thus more appropriate to consider the leakage behavior of BTS thin films 
at 243 K as being controlled by PF rather than SCLC. Therefore, in Pt/BTS/Pt capacitors, 
PF conduction and SCLC compete with each other, and which one is dominant would 
depend on the temperature. This conclusion seems possible since a similar situation has 
also been reported for BiFeO3 (BFO) thin films [113, 118, 122]. It has been demonstrated 
that space charges in the BFO thin films are derived from traps in the band gap induced 
by oxygen vacancies, meanwhile these traps have also been considered as one of the 
main sources responsible for PF conduction [113, 123]. As being documented, the 
existence of oxygen vacancies in BTS thin films is inevitable due to the oxygen 
deficiency nature of oxide thin films grown by PLD at low oxygen partial pressures [109, 
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121].  In the present case, therefore, it is reasonable to infer that oxygen vacancies are the 
major sources responsible for the coexistence of SCLC and PF conduction mechanisms.  
 
Figure 4.6 Log(J) vs log(E) plots for BTS films on Pt electrodes at temperatures of 213, 
333 and 403 K. Note: the leakage currents measured at 333 and 213 K have been divided 
by 5 and 60 respectively to distinguish the curves clearly. 
 
On further decrease in the temperature, the competition between SCLC and PF 
conduction mechanisms can be clearly seen in the BTS thin film. Figure 4.7 shows the 
various curves fitted to the leakage data measured at 183 and 193 K. It can be seen that 
the curves of ln( ) vs 1/ 2E [Fig. 4.7(d)] plots can be fitted with three segments with 
different slopes rather than simply fitted with one single line. Moreover, the calculated n 
values (n=3.69 and n=3.71 for 183 and 193K, respectively) are very close to the expected 
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values, indicating that the PF conduction mechanism is operative at higher electric fields 
(such as > 200 kV/cm) [Fig. 4.7(d)]. However, the perfect fitting of the log(J)-log(E) 
curves [Fig. 4.7(b)] seems to suggest that the leakage current is also dominated by SCLC 
mechanism. These data therefore suggest that at low temperature range, BTS thin film 
grown on Pt electrode creates a capacitor with competing leakage mechanisms.  
 
Figure 4.7 Leakage behaviors of a Pt/BTS/Pt capacitor at 183 and 193 K: (a) J-E 
characteristics of BTS films at positive and negative biases, (b) log(J)-log(E) plots 
[SCLC fitting], (c) ln(J)-E
1/2
 plots [Schottky fitting], and (d) ln( ) vs 1/ 2E plots [PF 
fitting]. 
 
According to the above analysis, leakage currents of Pt/BTS/LNO structure are 
dominated by SCLC and FN tunneling when positive and negative biases are applied, 
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respectively. Bulk-limited SCLC rather than interface-limited Schottky or FN tunneling 
is operative when electrons are injected from the LNO layer into the BTS bulk thin film 
(at positive biases), implying the interface barrier height being not the critical factor when 
conductive oxides are used as electrodes [118]. While the interface-limited FN tunneling 
mechanism dominating at negative biases suggests the formation of a partial depletion 
layer at the Pt/BTS interface, carrier charges (electrons) transported through the depletion 
layer are facilitated by high electric fields. On the other hand, bulk-limited SCLC and/or 
PF are operative in the symmetric Pt/BTS/Pt structure, reflecting the decisive influence of 
defects in the bulk BTS thin films. Considering the oxygen deficiency nature of BTS thin 
films grown by PLD [109], oxygen vacancies may be regarded as the main defect trap 
centers [83]. Different microstructures and defect densities may be responsible for the 
different conduction behaviors of BTS thin films deposited at different bottom electrodes 




The leakage behaviors of BTS thin films deposited by PLD have been studied. Pt 
and LNO were used as bottom electrodes to investigate their influences on conduction 
 Chapter IV  Leakage Characteristics of BTS Thin Films 
91 
 
mechanisms. For Pt/BTS/LNO structure, the leakage current showed bulk-limited SCLC 
behavior at positive bias while interface-limited FN tunneling at negative bias resulted in 
asymmetric J-E curves. For Pt/BTS/Pt structure, bulk-limited SCLC and PF emission 




Chapter V                          
Structural Modification:   
BTS/BZN Heterostructures  
 





For device fabrication, ferroelectric thin films with large tunability (or pyroelectric 
coefficient) and low dielectric loss are highly desirable. However, many researchers have 
reported high dielectric losses which degrade performance and impede commercial 
exploitation [124, 125]. For BTS thin films, from the discussion in chapter III, the 
relatively high loss is one primary factor that reduces the figure of merit for applications. 
It is known that there is a relationship between DF  and tan : 
1 2(tan )DF 
 (from eq. 
(2-7)), and a relationship between FOM and tan : 1(tan )FOM   (from eq. (2-9)). 
Therefore, higher DF  and FOM can be achieved through reducing tan  of the thin films. 
Of the many efforts to reduce the dielectric loss, the deposition of a low loss dielectric 
buffer layer between the electrode and the as-grown thin films has proven most effective. 
Chemically stable buffer layers can enhance electrical isolation, act as templates for film 
growth, control stress, and prevent chemical reaction with the electrode [126, 127]. MgO-
buffered Ba0.6Sr0.4TiO3  thin films have been reported with lower loss and enhanced 
tunability owing to the reduction in interdiffusion between the film and the substrate 
[128]. Enhancement of the pyroelectric properties of Ba0.65Sr0.35TiO3 films has also been 
obtained [129]. In Choi‟s study [130], <001>-oriented Ba0.6Sr0.4TiO3 thin films were 
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obtained through the use of biaxially oriented MgO/γ-Al2O3 buffer layers. It was believed 
that the buffer layers underneath played a crucial role in determining the oriented grains 
of Ba0.6Sr0.4TiO3 thin films. 
Recently, pyrochlore-structured Bi1.5Zn1.0Nb1.5O7 (BZN) has been suggested as a 
suitable candidate to be used as a buffer layer due to its high permittivity (~170-220) and 
very low dielectric loss (less than 5×10-4) [131, 132]. BZN has been successfully 
utilized to buffer BST thin films to give lower dielectric loss and better tunability [133, 
134]. However, no equivalent study has been reported on BZN-buffered BTS thin films.  
In this chapter, BTS thin films have been deposited on LNO/SiO2/Si substrates using 
BZN as a buffer layer. It is highly expected that if a BZN buffer layer is deposited 
between BTS and underneath LNO layer, the total loss tangent of the BTS/BZN 
heterostructure would be remarkably reduced (compared to the current level of ~0.04 in 
the present study for BTS thin films).  At the same time, the total dielectric constant of 
the BTS/BZN heterostructure would be reduced due to the dilution effect from the low 
permittivity of the BZN layer. The reduction in dielectric constant and loss tangent would 
both enhance DF . However, lower dielectric constant usually results in lower pyroelectric 
coefficient and tunability. Thus, there would be a critical thickness for the BZN layer at 
which the heterostructure produces the highest DF and FOM in virtue of the thickness 
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effect on pyroelectric and tunable performance. After optimizing the physical parameters 
affecting the performance of the BTS/BZN heterostructure, the temperature dependence 
of leakage of the BTS/BZN structure will also be studied. 
 
5.2 Experimental  
 
The BTS and BZN thin films were grown on the LNO/SiO2/Si (100) substrates by 
PLD in a vacuum chamber at a base pressure of less than 10
-5
 Torr. The BTS ceramic 
target was fabricated by a conventional solid state reaction method. Commercial 
stoichiometric BZN and LNO targets (99.9% purity) were used to grow BZN and LNO 
layers. A Lambda Physik KrF excimer laser beam ( = 248 nm and a pulse width = 25 ns) 
operating at 2 J/cm
2
 and 5 Hz with an incidence angle of ~45
o
 was employed to ablate the 
targets. Typically, a 200 nm thick LNO was deposited (at 823 K and 50 mTorr) followed 
by a BZN layer (at 923 K and 300 mTorr) the thickness of which was varied (10 to 40 nm) 
from sample to sample. 300 nm of BTS (at 923 K and 300 mTorr) was subsequently 
deposited onto the BZN.  
Transmission electron microscopy (TEM) was carried out on JEM-2010F and JEM-
2200FS microscopes. Local composition in the thin films was measured using an energy 
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dispersive X-ray spectrometer (EDS) (Oxford Instruments 6498). For electrical 
characterization, Pt electrodes with a diameter of ~200  m were evaporated on top of 
the BTS thin films through a shallow mask. A Wayne Kerr 6500B impedance analyzer 
and a Keithley 6517A electrometer with a vacuum MMR K-20 temperature controller 
system were employed to measure the ferroelectric and pyroelectric properties. The 
leakage currents of the BTS films were measured using a Radiant Precision Workstation. 
The polarity of the bias voltage (electric field) was defined as positive if a positive 
voltage was applied to the top Pt electrode, and vice versa. 
 
5.3 BZN/BTS Thin Films 
5.3.1 Microstructure Analysis 
 
XRD spectra of the BTS and BZN-buffered BTS thin films are shown in Fig. 5.1. 
All the diffraction peaks can be indexed as either BTS, LNO or BZN.  As the BZN layer 
thickness increased, the initial preferential (h00) orientation of the BTS layer was 
replaced by a random orientation. No noticeable shift in the diffraction peaks of the BTS 
films was detected as a function of BZN layer thickness, confirming the limited 
interdiffusion of the film and the buffer layer at the deposition temperature [128, 134]. 




Figure 5.1 XRD patterns of the BTS/BZN/LNO and BTS/LNO thin films. 
 
Cross-sectional TEM images of the BZN buffered BTS films are shown in Fig. 5.2. 
The BTS layer consists of ~30 nm wide columnar crystals growing through the thickness 
of the layer, as shown in Fig. 5.2 (a). The columnar microstructure is an indication that 
nucleation occurs at the BTS/BZN interface. The LNO bottom electrode normally 
induces a strong (100) preferred orientation (Fig. 5.2 (a) inset) which often induces 
textured growth in the subsequent functional thin film. This effect, however, is eliminated 
in this study by the presence of the BZN buffer layer. Selected area electron diffraction 
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(SAED) patterns (Fig. 5.2 (a) inset) of the BTS layer show a symmetrical distribution of 
intensity maxima, indicating the absence of preferential orientation in the film, consistent 
with the XRD data. The detailed microstructure of the interfacial area is shown in the 
high resolution TEM image in Fig. 5.2 (b). The BZN layer is polycrystalline with grains 
of 10-20 nm. Both BTS/BZN and BZN/LNO interfaces are clearly defined. There is no 
evidence of any amorphous or crystalline second phase. The EDS data of each layer is 
shown in Fig. 5.2 (c). The step change in the profile of the constituent cations of BZN 
and BTS across the interface indicates that interdiffusion/interaction is effectively 
suppressed at the deposition temperature. The absence (below the quantification detection 
level) of La and Ni in the EDS data for BZN and BTS indicates that there is also limited 
interaction with the LNO electrode. 




Figure 5.2 (a) Bright field cross-section image of the BTS/BZN/LNO thin film with 
insets showing BTS and LNO SAED patterns, (b) HRTEM image of the interface 
structure, and (c) Composition profiles of cations across the BTS/BZN interface. 
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5.3.2 Electrical Behaviors  
 
The leakage currents of BTS thin films with different thicknesses of BZN were 
measured at room temperature (303K). The leakage current density of BTS thin films was 
significantly reduced for greater BZN thicknesses, especially at larger electric fields as 
shown in Fig. 5.3. Typically, the leakage current density at 300 kV/cm is 9.66×10-7 
A/cm
2
 for the BTS film with a 40 nm buffer layer. This is three orders of magnitude 
lower than the equivalent data for BTS films without a BZN buffer (1.86×10-4 A/cm2). 
The microstructure of the region near the film/electrode interface is considered to play a 
key role in determining electrical leakage in thin films [135]. Being an oxide of low 
dielectric loss, the presence of BZN at the interface effectively suppresses interdiffusion 
between BTS and LNO, reducing the likelihood of the formation of OV
  in the BTS layer. 
In general, the diffusion of OV
  under the action of applied field is considered responsible 
for leakage currents in titanate based films. The specific leakage behavior and conduction 
mechanism in BTS/BZN heterostructure will be investigated in the section 5.4 of this 
chapter. 




Figure 5.3 Leakage characteristics of BTS thin films on BZN/LNO/SiO2/Si structure 
with different BZN buffer layer thickness. 
 
5.3.3 Tunable and Pyroelectric Performance 
 
Figure 5.4 shows the dielectric properties of BTS thin films under DC bias field with 
different thicknesses of the BZN buffer layer, measured at room temperature (303K) and 
10 kHz.  As can be seen, the tunability as well as loss tangent of BTS thin films are 
greatly reduced with increasing BZN buffer layer thickness. The reduction in tunability 
may be explained by considering that the lower permittivity BZN (compared to BTS 
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films) consumes the majority of the bias voltage [5, 134]. The tunability figures of merit 
(FOM = tanrn  , eq. (2-9)) of BTS with 0, 10, 20 and 40 nm BZN buffer layers are 24.7, 
57.8, 68.4 and 44.5, respectively. This enhancement primarily arises from a decrease in 
tan as BZN layer thickness increases, resulting in a reduction in 
OV
  concentration at the 
electrode/film interface. 
 
Figure 5.4 Bias field (DC) dependence of dielectric constant and dielectric loss of BTS 
thin films on the BZN/LNO/SiO2/Si structure with different BZN buffer layer thickness. 
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In addition, the well defined layered dielectric/ferroelectric heterostructures should 
behave just like a ferroelectric film but with lower Curie-Weiss temperature [5]. Thus, a 
relation between tunability (nr) and bias electric field (E) could be given as: 
3 2 3 23
0 0 0 0
(3 2 )( 1)(2 ) 1 1









                       (5-1) 
where 12 1
0 8.854 10 Fm
   is the dielectric permittivity in vacuum, 
(0) ( ) 1 (1 )rn E n    , (0) is the dielectric constant of thin films at zero bias and   
is the coefficient of dielectric nonlinearity of the film. Eq. (5-1) clearly shows that a 
ferroelectric thin film with high dielectric constant would benefit the acquirement of high 
tunability under a fixed applied electric field. This explains why tunability of BTS/BZN 
heterostructure reduces with increase in thickness of BZN layer as observed in the 
present case. Moreover, through eq. (5-1), the coefficient   of the BTS/BZN 
heterostructures with different thickness of BZN layer can be calculated and the results 
are tabulated in Table 5.1. These results show that coefficient   increases after inclusion 
of the BZN layer, while gradual increase in thickness of BZN leads to a gradual reduction 
in  . This indicates that the thinner the BZN layer, the higher is the coefficient  , thus 
the better the tunable properties of the BTS/BZN heterostructures.  
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0 1078.9 69.3 200 0.66 
10 560.2 52 200 1.37 
20 531.8 47.9 203 1.22 
40 380.9 27.8 191 1.17 
 
Table 5.2 Pyroelectric properties of BTS thin films buffered with BZN of different 













Applied electric field (kV/cm) Applied electric field (kV/cm) 
25 50 25 50 
0 36.7 44.5 8.55 12.6 
10 20.9 24.7 12.5 16.3 
20 11.8 14.3 8.26 10.6 
40 5.71 7.48 5.15 6.98 
 
Pyroelectric coefficients (p) were acquired by the method discussed in a previous 
work [136], the results of which are shown in Table 5.2. The figure of merits (FD) were 
calculated using eq. (2-7) ( 0( tan )D rF p c    , here 
6 3 12.2 10c Jm K     for BTS 
films and is assumed to be a reasonable approximation for BZN/BTS films). Although  p 
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decreases as the buffer layer thickness increases (BZN is only weakly pyroelectric [137] ),  




) with a 10 nm BZN buffer layer due to the large 
reduction in dielectric loss from ~0.035 to ~0.009.  The values of FD for BZN buffered-
BTS thin films are therefore higher than those reported for more conventional 




 at 100 kV/cm, 323 K and 




 at 40 kV/cm, 291 K and 1 kHz) 
[139]. 
 
5.4 Conduction Mechanisms of BTS/BZN Heterostructure 
 
Figure 5.5 shows a typical plot of leakage current density vs bias field (J-E) for a 
Pt/BTS/BZN/LNO capacitor under positive and negative biases from 303 to 403 K. The 
current density increases with increasing temperature, showing a typical semiconductor 
behavior. At an electric field of  300 kV/cm at 303 K, the leakage current density is ~6
×10-6 A/cm2 which is about two orders of magnitude lower than that of pure BTS thin 
films under the same field. The lower leakage current may be attributed to the high 
resistivity of the BZN buffer layer and the good quality of the BTS/BZN/LNO interfaces 
[140]. Asymmetric J-E characteristics are normally observed in metal/ferroelectric/oxide 
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capacitor structures due to the different work functions and electron affinities of the 
top/bottom electrodes [89]. It should be noted that electrons were injected from the top Pt 
electrode into the BTS/BZN layers with a negative bias and from the LNO bottom 
electrode into the BTS/BZN layers with a positive voltage. 
 
Figure 5.5 Typical J-E curves under positive and negative bias fields from 303 to 403 K. 
 
Figures 5.6 (a) - (b) display the PF and Schottky fitted results of BTS/BZN films 
under a positive bias (refer to Chapter IV for the relevant introduction of PF and Schottky 
conduction). Both fits, especially in the high electric field range (>100 kV/cm), yield 
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good linearity over the experimental temperature range. To establish which mechanism 
dominates the leakage current, it is necessary to extract the refractive index of the thin 
film from the slopes of the plots by using the relation 2n  [113, 118]. Slopes of the 
fitted curves and the corresponding calculated refractive indices (n) are shown in Figs. 
5.6 (a) - (b). Accurate refractive indices of BTS bulk and thin films have not been 
reported to date in the literature.  Based on a previous study on BTS thin films deposited 
at different oxygen pressures by PLD, n is estimated to be ~3.6 [109]. The reported n of 
BZN in the optical frequency range is ~2.4-3.4 [141]. It is therefore reasonable to assume 
that n for BTS/BZN films lies between 2.4 and 3.6.  Thus, the much larger n value (~ 8-
10) obtained from PF-fitting in Fig. 5.6 (a) excludes PF conduction as the dominant 
conduction mechanism. On the other hand, the refractive indices calculated from ln(J) vs 
1/ 2E fitting (Fig. 5.6 (b)) are smaller than expected. Meanwhile, there is a tendency for n 
to increase with decreasing temperature, approaching the expected value and therefore 
indicating that Schottky emission is responsible for conduction at lower temperatures. 
The n (~2.5) calculated from the leakage data at 273 K (not shown) further confirms this 
conclusion.  




Figure 5.6 Fits of leakage data at positive biases using: (a) Poole-Frenkel: ln( ) vs 1/ 2E
plot, and (b) Schottky emission: ln(J) vs 
1/ 2E plot. 
 
Another conduction mechanism often observed in ferroelectric thin films is ascribed 
to the space charge limited current (SCLC) model (refer to Chapter IV for the relevant 
introduction of SCLC). A plot of log(J) vs log(E) between 303 to 403 K is shown in Fig. 
5.7. At low electric fields, the fitted slopes are ~ 1, indicating Ohmic behavior whereas at 
high fields, the gradients approach ~ 2, indicating an SCLC conduction mechanism. This 
is verified by the linear plots of J vs V
2
 at high fields, as shown in the inset of figure 5.7. 
Space-charge regions originated from traps in the band  gap induced by oxygen vacancies 
are often presented in ferroelectric thin films prepared by PLD [121]. In addition, the 
absence of any near vertical regime in the log(J) vs log(E) plots indicates that the traps 
are continuously distributed rather than discrete [142]. Therefore, the BTS/BZN film 
exhibits a space charge limited current from 303 to 403 K under positive biases at high 
 Chapter V  Structure Modification: BTS/BZN Heterostructures 
109 
 
electric fields, while Schottky emission appears to dominate below 303 K. It should be 
noted that the leakage mechanisms of ferroelectric thin films have been reported to vary 
as a function of temperature [113, 117]. 
 
Figure 5.7 log(J) vs log(E) plots at positive biases from 303 to 403 K. The inset shows J 
vs V
2
 curves under the same conditions. 
 
In contrast, analysis of the leakage current density conducted at negative bias reveals 
a Fowler-Nordheim (FN) tunneling mechanism (refer to Chapter IV for the relevant 
introduction of FN tunneling, Eq. (4-4)). As shown in Fig. 5.8, plots of ln(J/E
2
) vs 1/E are 
linear at high electric fields, implying the formation of a partial depletion layer between 
the as-deposited thin film and the top Pt electrodes. The transportation of charge carriers 
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is thus controlled by tunneling through the interfacial energy barrier. As can be seen in 
Fig. 5.8, the onset electric field of FN tunneling decreases with increase in temperature. 
Although Eq. (4-4) does not include a temperature term, FN tunneling behavior has been 
reported to be temperature dependent [113, 117], i.e., leakage current density usually 
increases at elevated temperature due to the decrease in potential barrier height [113]. It 
may be pointed out that FN tunneling has also been identified as the main leakage 
mechanism in (Ba,Sr)TiO3 thin films [116]. In the low electric field range, the leakage 
behavior is typically controlled by Ohmic contact at all experiment temperatures, as 




) vs 1/E plots under negative biases from 303 to 403 K. Inset shows 
log(J) vs log(E) plots at low electric fields. 





In summary, BZN buffered-BTS heterostructures deposited on Si-based substrates 
have been studied. The BZN layer serves as a high-quality growth template and diffusion 
barrier and reduces the dielectric loss and leakage current of the BTS films. The 
improved tunable and pyroelectric properties of BTS films have been achieved by 
controlling the thickness of the BZN layer.  BZN buffered-BTS thin films therefore have 
potential for future device fabrication. 
The leakage mechanisms of BTS/BZN heterostructures have been studied at the 
temperature range from 303 to 403 K. Under high positive biases, the conduction 
mechanism is controlled by SCLC from 303 to 403 K. Under high negative biases, FN 
tunneling is the dominant conduction mechanism. At low biases, the leakage is controlled 
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In order to succeed in the applications of BTS thin films, a high pyroelectric 
coefficient and/or tunability, low dielectric loss and high figure of merit are required. In 
chapter III, the promising dielectric and pyroelectric properties of BTS thin films 
deposited on silicon substrates with a layer of LNO as the bottom electrode have been 
reported. It was observed there that the loss tangent of BTS thin films are in the range of 
0.03~0.06. It is possible to further improve the dielectric and pyroelectric properties by 
reducing the loss tangent of the BTS thin films.  
In addition to structural modification, doping has been proven to be another 
powerful and effective approach to tailor the structure and stoichiometry of ferroelectric 
materials through compositional modification. Reports concerning improvement in 
tunable and pyroelectric property of PZT, BST via doping effect have appeared in the 
literature [32, 124, 143]. According to previous investigations, oxygen content in BTS 
films has been identified to play an important role in determining the electrical behaviors 
of BTS thin films.  Inadequate oxygenation of BTS films during growth in low oxygen 
partial pressure at elevated temperature in the PLD process often leads to the formation of 
oxygen vacancies, which act as charged trap centers and may cause severe deterioration 
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in leakage currents.  In addition, electrons resulting from the generation of oxygen 





which provides a mechanism for dielectric loss [144]. Suitable dopants can be used to 
decrease the concentration of oxygen vacancies to enhance the performance of 
ferroelectric thin films.  
In this chapter, La doped-BTS thin films are studied. La ions normally possess +3 
valence (La
3+
) with a radius of 1.36 Å. They occupy the Ba
2+
 (1.61 Å) sites (A site in 




(0.69 Å) sites in BTS 
ceramics due to the smaller radii mismatch between La
3+
 and  Ba
2+  
ions.  For the BTS 
thin films deposited at low oxygen pressure atmosphere, oxygen vacancies are created 







O OO O V e
                                                    (6-1) 




 according to  
4 3Ti e Ti                                                         (6-2) 
Consequently, BTS thin films often show high leakage currents and dielectric losses. 
By introducing trivalent La
3+
 ions, the valence fluctuation of Ti
3+/4+
 can be compensated 
and the oxygen vacancies can be reduced through: 
                                    2 3 2 3
X
O Ba OLa O V La O
                                                 (6-3) 
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Thus, a lower leakage current density and dielectric loss can be expected by La doping in 
the BTS thin films, which will benefit their electrical performance in turn.  
 
6.2 Experimental  
 
 1 mol % La-doped BTS (BLaTS) thin films were deposited on LNO/SiO2/Si 
substrates. A commercial stoichiometric LNO target with a purity of about 99.9% was 
used. The BLaTS target was fabricated using a conventional solid state reaction. In the 
laser ablation process, a KrF excimer laser (λ=248 nm, pulse width =25 ns) was 
employed to deposit the LNO and BLaTS thin films. The target-substrate distance was 
kept at 45 mm during the whole deposition. Laser ablation was carried out at a laser pulse 
energy of 200 mJ and a repetition rate of 5 Hz. The LNO layers were first deposited on 
the SiO2/Si substrates at an oxygen pressure of 50 mTorr and the thickness of the layer 
was about 200 nm. BLaTS thin films with a thickness of about 300 nm were then 
deposited at 550, 600 and 650
o
C on top of the LNO layers at an oxygen pressure of 300 
mTorr. All substrates were heated up at 60
o
C/min in vacuum and cooled down to room 
temperature at a rate of 5
o
C/min. 
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The structures of the BLaTS thin films were characterized using a Shimadzu XRD-
7000 X-ray diffractometer with Cu Kα radiation. Microstructures of the thin films were 
examined using a Hitachi S-4100 field emission scanning electron microscope (FE-SEM). 
The secondary ion mass spectrometry (SIMS) depth profile of the films was measured 
using a Cameca IMS-6f Magnetic SIMS using an oxygen ion source. The charge states of 
BLaTS were characterized using an X-ray photoelectron spectroscope (XPS) with a VG 
Escalab MKII spectrometer with an Al X-ray source (1486.6 eV). An analyzer with a 
pass energy of 200 eV was adopted while the C 1s peak at 284.6 eV from adventitious 
carbon was used as an internal reference. To measure ferroelectric and pyroelectric 
properties, Pt electrodes with a diameter of 200 µm were evaporated on top of the BLaTS 
thin films through a shallow mask with a Wayne Kerr 6500B impedance analyzer with a 
vacuum MMR K-20 temperature controller system being simultaneously employed. A 
study of the polarization property of the BLaTS thin films was carried out using a 
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6.3 Results and Discussion 
6.3.1 Microstructure Analyses 
 
Figure 6.1 shows the XRD spectra of the BLaTS thin films deposited at different 
temperatures from 550 to 650 
o
C. All the thin films show pure perovskite structures. 
Similar to BTS thin films deposited on LNO/SiO2/Si substrates, all BLaTS thin films 
show highly (h00) textured orientations with no other peaks belonging to impurities due 
to the low doping level (1 mol%) in the present case. With an increase in deposition 
temperature, no obvious peak shifts are observed except for the increase in peak intensity 
of the BLaTS films, which implies an enhancement of the crystallization of BLaTS thin 
films under higher deposition temperatures. The lattice parameter of the BLaTS thin film 
deposited at 650
o
C is determined to be ~4.013 Å which is slightly smaller than that of 
BTS thin film deposited under similar conditions (~4.015 Å). This decrease in lattice 
parameter may be due to partial Ba
2+
 sites being replaced by La
3+
 ions with smaller radius. 




Figure 6.1 XRD spectra of BLaTS thin films deposited on LNO/SiO2/Si substrates at 
different temperatures.  
 
FE-SEM surface images of the as-deposited films are shown in Figs. 6.2(a)-(c). It 
can be seen that all the surfaces are smooth and crack-free without droplets from the laser 
ablation. The average grain sizes of the BLaTS thin films deposited at 550, 600 and 650 
o
C are 25, 35 and 50 nm, respectively. Better crystallization is obtained at higher 
temperatures. This is consistent with the XRD results shown in Fig. 6.1. A cross-sectional 
image of the BLaTS thin film deposited at 650 
o
C is shown in Fig. 6.2 (d). It is clear that 
the BLaTS thin film exhibits a columnar structure. A clear interface between the BLaTS 
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and the bottom LNO layer can also be seen, which is also confirmed by the SIMS depth 
profile. 
 
Figure 6.2 FE-SEM surface morphologies of the BLaTS thin films deposited at different 
temperatures: (a) 550 
o
C, (b) 600 
o
C, and (c) 650 
o
C. (d) Cross-sectional image of the 




The SIMS depth profile of the BLaTS/LNO thin film is shown in Fig. 6.3. The 
presence of dopant (La) cannot be inferred from the SIMS profile owing to the presence 
of La element in the LNO layer. However, the sharp interface indicates that there is no 
obvious interfacial diffusion between the BLaTS layer and the LNO bottom electrodes as 
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can be seen from the cross-sectional image shown in Fig. 6.2(d). The short deposition 
time due to the high deposition rate of  PLD may have inhibited the migration of 
elements [145]. 
 
Figure 6.3 SIMS depth profile of the BLaTS thin films deposited at 650 
o
C on the 
LNO/SiO2/Si substrate. 
 
To confirm the existence of dopant La element in the as-deposited thin films, an 
XPS measurement of the BLaTS thin films deposited at 650 
o
C is conducted. As shown 
in Fig. 6.4 (e), La 3d5/2 in the as-deposited film has a binding energy of 834 eV, revealing 
a pure +3 valence. The XPS spectrum of La element cannot be obtained from BTS thin 
films on LNO/SiO2/Si substrates. This indirectly confirms that the presence of La on 
BLaTS thin films is from the La dopant rather than from diffusion of the LNO layer. For 
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other elements, there is no appreciable change in the spectral shape of Ba 3d, O 1s, Ti 2p, 
and Sn 3d  between BTS and BLaTS thin films (Figs. 6.4 (a)-(d)), suggesting that La 
dopant with a low doping level (1 mol %) does not lead to changes in the valence state of 
other ions.  




Figure 6.4 XPS spectra of (a) Ba 3d, (b) O 1s, (c) Ti 2p, (d) Sn 3d elements in the BLaTS 
and BTS thin films, and (e) La 3d element in BLaTS thin film. 
 





The polarization versus electric field (P-E hysteresis loop) relationship for the 
Pt/BTS/LNO and Pt/BLaTS/LNO capacitors at room temperature is shown in Fig. 6.5. 
The asymmetry of the two hysteresis loops is caused by the different electrode materials 
which result in different built-in electric fields at the ferroelectric/electrode interfaces. 
The remnant polarization and the saturation polarization of the BTS thin film are 2.36 
and 7.01 μC/cm2, respectively, while the coercive field is 90.03 kV/cm. The remnant 
polarization and coercive field of the BLaTS thin film are found to be 1.85 μC/cm2 and 
26.97 kV/cm, respectively, which are smaller than those of the BTS film. In addition, the 
saturation polarization is slightly increased to 10.2 μC/cm2. The changes in remnant 
polarization and coercive field by dopants have been discussed [145]. The oxygen 
vacancies are able to pin the movement of domain walls by forming planes of oxygen 
vacancies, leading to reduction in domain wall mobility [146]. As the La dopant is 
expected to reduce the formation of oxygen vacancies, the domain wall mobility is 
increased accordingly. Therefore, it is not surprising to observe a higher saturation, a 
higher remnant polarization and a lower coercive field in the La-doped BTS films than in 
the un-doped ones. However, a higher remnant polarization in BLaTS thin film is not 
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observed in the present case, the reason has not been well understood. The small values 
of the charge storage density indicate that the BTS and BLaTS thin films are near the 
paraelectric phase at room temperature, which is beneficial for dielectric bolometer and 
tunable applications. On the other hand, it is speculated that the small polarization may be 
caused by the testing temperature being close to the Curie temperature [147] or by the 
leakage current rather than the intrinsic ferroelectric property [148].  
 
Figure 6.5 P-E hysteresis of the Pt/BTS/LNO, and Pt/BLaTS/LNO capacitors measured 
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6.3.3 Dielectric Properties 
 
The room temperature dielectric properties of BLaTS thin films deposited at 650 
o
C 
are shown in Fig. 6.6 (a). The loss tangents of BLaTS thin films are much less than those 
of pure BTS thin films deposited at the same conditions, especially in the low frequency 
range (< 10
3
 Hz). This means La is an effective dopant to reduce the dielectric loss for 
BTS thin films through suppressing the formation of oxygen vacancies according to Eq. 
(6-4) [149]. The decrease in oxygen vacancies results in a reduction in electron hopping 
between Ti
3+/4+
, thus the decrease in loss tangent. In addition, the BLaTS films possess 









 at 100 kV/cm), 
which further decreases the dielectric loss from the leakage current part. Compared to the 
dielectric constant of BTS thin films, the dielectric constant of BLaTS films is also 
reduced. This reduction could be attributed to the grain size effect as  dielectric constant 
is observed to decrease with  reduction in grain size [150]. 
 
Figures 6.6 (b) and (c) show the tunable properties of BLaTS film as a function of 
applied electric field at room temperature. The BLaTS film is found to be highly tunable 
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as a function of applied electric field.  Specifically, the tunability varies from 0 to 53% at 
applied electric fields from 0 to 200 kV/cm. Although the tunability of BLaTS thin film is 
lower than that of BTS thin film at the same electric field, the FOM (defined as 
tunability/loss tangent, Eq. (2-9)) of BLaTS is higher than that of BTS thin film at high 
applied electric fields. The reduction in tunability of the BLaTS thin film may be caused 
by the smaller dielectric constant, as demonstrated in Eq. (5-1). The notably enhanced 
FOM of the BLaTS thin film originates from the remarkably reduced loss tangent due to 
La doping while maintaining a relatively high tunability due to the low doping level.  




Figure 6.6 (a) Dielectric constant and loss tangent as a function of frequency, (b) 
tunability as a function of applied electric field, and (c) figure of merit (FOM) as a 
function of applied electric field for BTS and BLaTS thin films. 
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6.3.4 Pyroelectric Properties 
 
Figure 6.7 (a) shows the temperature dependence of dielectric constant and loss 
tangent of BTS and BLaTS thin films measured at 100 Hz frequency. It is clear that the 
dielectric constant of both BTS and BLaTS thin films exhibit a strongly diffused 
maximum, indicating a diffused phase transition (DPT) between the ferroelectric and the 
paraelectric phases. In addition, the strongly broadened frequency dependent peak of 
dielectric constant versus temperature (not shown) further confirms both BTS and BLaTS 
thin films being relaxor ferroelectrics (relaxors) with diffused phase transition. The origin 
of relaxor behavior in BaTiO3-based compositions is still controversial [42, 151, 152]. 
Based on the internal heterogeneity of these perovskite materials, Smolensky and Isupov 
[153] supposed that local fluctuations in the composition result in a distribution of local 
Curie temperature, leading to a broadening of the phase transition. Simon et al. [154] 
considered that each substituted atom is assumed to perturb the surrounding host lattice in 
a finite volume creating a polarized cluster. Such cluster grows at decreasing temperature 
and reaches its maximal size at the Curie temperature. Interaction between the clusters is 
assumed to be the source of dielectric dispersion. In the present case, the relaxor behavior 
of the BTS thin films could be attributed to both domain wall response and an additional 
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contribution related to mesoscale polar structures [152]. The temperature of the 
maximum dielectric constant (Tm) for BLaTS thin film, Tm ~-3
o
C, is slightly higher than 
that of the BTS film (Tm~-9
o
C). The change in Tm might be explained by the tolerance 










                                                        (6-5) 
where Ar  Br  and Or  denote the ionic radius of the A site, the B site and oxygen ions, 
respectively.  It is known that a stable perovskite structure should have a tolerance factor 
close to 1. The calculated tolerance factors for BTS and BLaTS are 0.714 and 0.711, 
respectively. Therefore, a more distorted perovskite structure is expected for the BLaTS 
thin film. The lattice parameter of distorted BLaTS thin film would be reduced due to 
Ba
2+
 ions substituted by the smaller La
3+
 ions.  Thus a lower strain/stress state caused by 
the smaller lattice mismatch between BLaTS and LNO layers results in the promotion of 
ferroelectric phase to a higher temperature. The change in Tm is rather small which could 
be due to the low doping level (1 mol %) employed.   




Figure 6.7 (a) Temperature dependence of dielectric constant and loss tangent measured 
at 100 Hz frequency, and (b) Temperature dependence of pyroelectric coefficient (p) and 
figure of merit (FD) measured at 50 kV/cm and 100 Hz frequency for BTS and BLaTS 
thin films, respectively. 
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 Figure 6.7 (b) shows the temperature dependence of pyroelectric coefficient and 
figure of merit (FD) of BTS and BLaTS thin films at temperatures from 20 to 60
o
C, 
respectively. Compared to BTS thin films, the pyroelectric coefficient and figure of merit 
of the BLaTS thin films are remarkably decreased due to two reasons. Firstly, the notably 










is normally obtained when the dielectric constant is larger. This, according to 
Eq. (3-6), results in a higher pyroelectric coefficient,.  Therefore, the lower pyroelectric 
coefficient of the BLaTS thin film is the result of lower dielectric constant due to La 
doping. At room temperature (20 
o
C), the typical values of pyroelectric coefficient and 









respectively. These results are better than those of Ba0.8Sr0.2TiO3  thin films [156] and 
Mn-doped Pb(Zr0.3Ti0.7)O3 (PZT) thin films deposited using the sol-gel method [124]. 










La-doped Ba(Ti0.85Sn0.15)O3 (BLaTS) thin films have been successfully deposited on 
LNO/SiO2/Si substrates by PLD. XRD analyses reveal that the films grow with a highly 
(h00) textured orientation. Higher crystallization quality is obtained at higher deposition 
temperatures. Cross-sectional microstructure images and chemical analysis confirm the 
sharp interface between the as-deposited BLaTS thin films and the bottom LNO layers. 
XPS measurement indicates that La possesses a pure +3 valence state which does not 
affect the valence state of other elements. The lower loss tangent in the BLaTS thin film 
is attributed to a reduction in defects such as oxygen vacancies and the enhanced 
insulating behavior by La doping. The latter is highly beneficial for improvement in 
tunable performance (figure of merit). It is found that La dopant intensifies the relaxor 
behavior of BTS thin films as reflected by the more diffused phase transition between the 
ferroelectric and paraelectric states. The pyroelectric results show that BLaTS thin films 






            Conclusions and          
Future Work 
 





In this work, BTS thin films have been systematically studied using a pulsed laser 
deposition technique. This study focuses on two aspects: thin film growth optimization 
and performance improvement. Firstly, the correlations between microstructures and the 
physical properties of as-deposited thin films are thoroughly discussed, i.e., the effects of 
oxygen pressure, film thickness and substrate temperature are investigated.  In addition, 
the conduction mechanism of BTS thin films has been studied at different substrates and 
over a wide range of temperatures. Secondly, structural modification and compositional 
modification have been specially designed to enhance the tunable and pyroelectric 
properties of BTS thin films. The present studies reveal that the two approaches are 
effective attempts to improve the performance of BTS thin film. The findings and 
conclusions of this study can be summarized as follows: 
(1) BTS thin films have been successfully deposited on LNO/SiO2/Si substrates 
using PLD. With increasing oxygen pressure, texture of the deposited BTS films 
becomes weaker while oxygen vacancies involved are reduced. The 
microstructures of the as-deposited thin films demonstrate strong dependence on 
oxygen pressure mainly due to the change in kinetic and internal energies of 
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ablated species in the PLD process. BTS thin films deposited at higher oxygen 
pressure possess better electrical properties. The study on the thickness 
dependence of dielectric and pyroelectric properties shows that both LNO and 
BTS thin films are under tensile stress and which decreases with increasing 
thickness of the BTS films by relaxation. Larger dielectric constant and 
pyroelectric coefficient have been obtained for BTS thin films with higher 
thickness, which could be attributed to the effect of stress and the existence of 
interfacial „dead layer‟. In addition, the substrate temperature also plays an 
important role in the structural evolution of BTS thin films. Higher deposition 
temperature assists crystallization and grain growth, and reduces possible 
defects. Thus better dielectric and electric properties are obtained at higher 
temperatures. Normally, the optimum substrate temperature is ~600 - 650
o
C for 
BTS thin films in the PLD process. 
(2) The leakage behaviors of BTS thin films deposited using PLD have been 
studied. Pt and LNO are used as bottom electrodes to investigate their 
influences on conduction mechanisms. For the Pt/BTS/LNO structure, the 
leakage current shows bulk-limited SCLC behavior at positive bias while 
interface-limited FN tunneling at negative bias resulting in asymmetric J-E 
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curves. The bulk-limited SCLC is operative when electrons are injected from 
the LNO layer into the BTS bulk thin film (at positive biases). This implies that 
the interface barrier height is not the critical factor when conductive oxides are 
used as electrodes. The dominant interface-limited FN tunneling mechanism at 
negative biases suggests the formation of a partial depletion layer at the Pt/BTS 
interface, thus carrier charges (electrons) transport through the depletion layer 
are facilitated by high electric fields. For the Pt/BTS/Pt structure, the dominant 
conduction mechanism depends on temperature and the electric field, and it is 
mainly controlled by the bulk-limited SCLC and/or PF emission, reflecting the 
decisive influence of defects (e.g., oxygen vacancies) in the bulk BTS thin films. 
(3) BZN buffered-BTS heterostructures have been deposited on Si-based substrates. 
The BZN layer serves as a high-quality growth template and effective diffusion 
barrier and reduces the dielectric loss and leakage current of the BTS films. 
Improved tunable and pyroelectric properties of the BTS films have been 
achieved by controlling the thickness of the BZN layer.  At 303 K, the dielectric 
loss, tunability and the tunable figure of merit of a BZN buffered-BTS film can 
achieve 0.009, 47.9% and 68.4, respectively. Furthermore, a promising 
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pyroelectric property, i.e., pyroelectric coefficient (24.7×10-4 C/m2K) and 
figure of merit (16.3×10-5 Pa-1/2) can be obtained at 293K. 
(4) The leakage mechanism of the BTS/BZN heterostructure has been studied over 
the temperature range from 303 to 403 K. Under high positive biases, the 
conduction mechanism is controlled by SCLC. Under high negative biases, FN 
tunneling is the dominant conduction mechanism. At low electric fields, the 
leakage is controlled by the Ohmic contact irrespective of the sign of the bias 
field. 
(5) La has been selected as a dopant to tailor BTS thin films through the effect of 
compositional modification. 1 mol % La-doped BTS (BLaTS) thin films have 
been successfully deposited on LNO/SiO2/Si substrates using PLD. All thin 
films grow with a highly (h00) textured orientation. Higher crystallization 
quality is obtained at higher deposition temperatures. Sharp interface between 
the as-deposited BLaTS thin film and the bottom LNO layer is confirmed. La 
possesses a pure +3 valence and the valence state of other elements is not 
affected after La doping. It is found that BLaTS thin film shows reduced 
dielectric loss which is attributed to a reduction in defects such as oxygen 
vacancies and an improvement in insulating behavior by La doping. In addition, 
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La dopant intensifies the relaxor behavior of BTS thin films as reflected by the 
more diffused phase transition between the ferroelectric and paraelectric states.  
The present study is expected to help better understand the potential of BTS thin 
films. The efforts toward improving the tunable and pyroelectric properties of BTS thin 
films have demonstrated the appealing potential applications of BTS thin films in the 
relevant fields.  
 
7.2 Future Work 
 
 Although this work has succeeded in giving a clearer picture on the growth and 
performance improvements of BTS thin films using PLD, future work is still needed to 
clarify some problems as listed below: 
(1) The evolution of film morphology deposited at medium oxygen pressure is still 
unknown. More detailed investigations may be needed. 
(2) La doping level should be further optimized in La-doped BTS thin films to 
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